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FOREWORD 


Magnetohydrodynamics  (MHD)  is  a  fascinating  technology  that  offers  challenge  both 
to  the  experimentalist  and  the  analyst.  This  interdisciplinary  science  that  dates  back  to  the 
pioneering  experiments  of  Michael  Faraday  in  the  early  eighteenth  century,  is  still  new 
with  a  lot  of  scientific  issues  left  to  explore.  In  the  past  decade,  research  has  been  focused 
on  MHD  electric  power  generation,  with  particular  emphasis  on  fossil  fuel-based  combus¬ 
tion  plasmas.  Though  Stewart  Way,  in  1966,  demonstrated  the  possibility  of  MHD  propul¬ 
sion  of  underwater  vehicles,  it  is  only  in  the  past  couple  of  years  this  aspect  of  MHD  has 
received  some  attention. 

Recognizing  the  potential  of  MHD  for  underwater  propulsion  of  Naval  vessels,  the 
Office  of  Naval  Research  organized  a  workshop  in  October  1988  in  Washington,  D.C. 
Experts  from  all  over  the  country  were  invited  for  the  two-day  brainstorming  sessions  to 
explore  the  underlying  issues  of  MHD  propulsion.  Research  programs  on  MHD  propul¬ 
sion  were  initiated  by  ONR  and  DARPA  to  gain  understanding  of  the  fundamental  mecha¬ 
nisms  involved,  and  to  demonstrate  its  feasibili% .  Some  important  issues  were  identified, 
solutions  of  which  are  of  great  significance  fo  -  a  successful  MHD  underwater  thruster 
development.  To  address  these  issues  and  to  seek  solutions,  the  present  workshop  was 
organized.  Substantial  progress  has  resulted  during  the  last  year  as  evidenced  by  the 
numerous  presentations  which  are  included  in  these  proceedings. 

I  would  like  to  thank  LCDR  Martin  of  DARPA  for  his  support  and  participation  in  this 
workshop.  I  very  much  appreciate  the  excellent  organization  of  this  meeting  by  Dr.  Lynn 
Parnell  and  the  Naval  Ocean  Systems  Center.  My  thanks  go  to  all  participants  for  their 
contributions  to  a  very  scientifically  stimulating  workshop.  I  am  looking  forward  to  the 
third  ONR  workshop  on  underwater  MHD  propulsion  some  time  near  the  end  of  1990. 


Dr.  Gabriel  D.  Roy 
Mechanics  Division 
Office  of  Naval  Research 
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INTRODUCTION 


On  16  and  17  November  1989,  the  ONR/DARPA  Workshop  on  Magnetohydrodynamic 
Submarine  Propulsion  was  held  in  San  Diego,  California,  at  the  Travelodge-Harbor  Island 
Hotel.  The  workshop  was  sponsored  by  Dr.  Gabriel  Roy  of  the  Mechanics  Division,  Pro¬ 
pulsion  and  Energetics,  Office  of  Naval  Research  (ONR),  on  behalf  of  the  Defense 
Advanced  Research  Projects  Agency  (DARPA),  LCDR  Richard  Martin,  Program  Manager 
for  Mechanical  Systems,  Naval  Technology  Office.  The  Naval  Ocean  Systems  Center 
served  as  host.  Fifteen  presentations  were  made,  including  summaries  of  results  and  rec¬ 
ommendations  made  by  three  working  groups  formed  from  the  participants.  This  report 
documents  these  presentations,  as  well  as  the  summaries  and  recommendations  of  the 
working  groups. 

The  purpose  of  the  meeting  was  to  find  solutions  to  three  scientific  and  engineering 
issues  which  have  been  identified  as  pivotal  to  the  technology  development.  These  three 
issues  are  as  follows:  (1)  development  of  low  rate/volume,  high  performance  supercon¬ 
ducting  magnet  and  minimization  of  magnetic  signature;  (2)  conductivity  enhancement; 
and  (3)  gasless  electrode.  Specific  emphasis  was  placed  on  formulating  the  answers,  inso¬ 
far  as  the  gathered  community  of  expertise  could  provide  at  the  workshop,  to  the  scien¬ 
tific  issues  that  must  be  addressed,  including  setting  down  the  theoretical  development 
recjuired  and  experimental  data  which  are  needed  to  advance  this  technology. 

The  first  day  was  spent  reiterating  the  issues,  solutions  offered  by  the  inv'^d  speakers, 
and  presentations  on  current  programs.  On  the  second  day  the  three  working  groups  on 
the  above  mentioned  subject  areas  convened  in  an  open  forum  with  sharing,  and  elaborat¬ 
ing  on  ideas  that  will  lead  to  the  solution  of  the  issues  addressed.This  was  then  followed 
by  presentation  the  working  group  recommendations  to  the  entire  attendance  of  the  work¬ 
shop  by  the  session  chairmen,  in  which  the  whole  group  discussed  the  ideas  presented. 

This  report  is  being  distributed  to  all  workshop  participants  and  others  interested.  The 
list  of  participants  and  the  agenda  are  included  herein.  Additional  copies  of  this  report 
can  be  obtained  by  contacting  the  undersigned  at  (619)  553-1588. 


Lynn  A.  Parnell 

Head,  Propulsion  Research  &  Hydrodynamics  Branch 
Naval  Ocean  Systems  Center,  Code  634 
Science  Advisor,  ONR  Propulsion  Program 
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Sea  Water  MHD  Propulsion 
Major  Issues 
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16-17  November  1989 


Faraday’s  Experiment  on  Waterloo 
Bridge,  London,  January 


INSTITUTION  OF  ELECTRICAL 
ENGINEERS  SAVOY  PLACE 
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Michael  Faraday 

Bakerian  Lecture  Series,  1832 


Interaction  Of  MHD  Forces  With 


Velocity  Overshoots  in  the  Sidewall  Boundary  Layers 
(AEDC  channel,  subsonic  flow  at  6.0T) 
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PRODUCT 


MHD  Submarine  Propulsion 
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Control 


The  Magnetic  Signature  Issue 
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Gas  Diffusion  Electrode  for 
MHD  Thruster 
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Electrode  Configuration 

Possible  Bubble  Accumulation 
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Horizontal  Electrodes  Vertical  Electrodes 


Seawater  Electrical  Conductivity 
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Salinity  (Solid  cone,  per  mille) 


Average  Mean  Ocean  Temperature 


Annual  mean  potential  temperature  (°C)  at  150  m  depth 


THE  MHD  PROPULSION  PROGRAM 
AT  ARGONNE  NATIONAL  LABORATORY 


Presented  by 
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The  feasability,  and  perhaps  more  correctly,  the 
practicality  of  MHD  thrusters  will  depend  on  a  number  of 
performance,  stealth,  and  engineering  issues. 

V1EWGRAPH  1 

The  desired  MHD  performance  must  be  achieved  at 
relatively  high  efficiency  so  as  not  to  adversely  impact 
other  major  submarine  systems, (e.g.  reactor,  energy 
conversion,  power  conditioning,  and  condensor),  from  a 
wgt./vol-displacement  perspective. 

Equally  important  is  the  need  for  the  thruster  to 
operate  effectively  during  transient  and  off  design 
conditions.  It  seems  clear  that  in  regard  to  the  latter,  the 
MHD  thruster,  if  designed  for  maximum  efficiency  at  high 
velocities,  should  be  much  more  efficient  at  lower 
velocities  since  the  power  requirements,  and  hence,  ohmic 
losses  will  be  substantially  reduced,  providing  of  course 
that  other  substantive  loss  mechanisms  do  not  come  into 
play. 


There  are  a  number  of  engineering  issues  in  regard  to 
the  magnet  and  cryogenic  system  which  impacts  the 
practicality  of  the  thruster. 

The  ANL  program  has  been  structured  to  address  the 
performance  issues  and  to  develop  preliminary  data  on  the 
acoustic  signature.  The  engineering  issues  are  being 
addressed  through  System  and  Platform  Integration 
Studies  such  as  are  being  pursued  ay  AVCO  and  NUSC. 
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V1EWGRAPH  1 


PRACTICALITY  OF  MHD  THRUSTES  DEPENDS  ON 
•  Efficient  MHD  Performance 

-  STEADY  STATE 

-  TRANSIENT 

-  OFF  DESIGN 


•  Stealth  Issues  (Signatures) 

-  ACOUSTIC 

-  MAGNETIC 

-  CHEMICAL 


•  Engineering  Issues 

-  magnet 

*  wgt/vol  (2  tons/Tt) 

*  LOW  HEAT  LEAK 

*  SHOCK  SUSCEPTABILITY 

*  CRYOSTABILITY 

-  CRYOGENIC  SYSTEM 

*  SIZE 

*  RELIABILITY 

*  SUPERFLUID  HE  (?) 
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There  are  a  number  of  technical  issues  that  could 
impact  thruster  performance,  noise  and  scale  up. 

VIEWGRAPH  2 

All  these  effects  can,  and  will  likely,  impact  performance, 
and  hence,  analyses  to  determine  optimal  thruster  and 
magnet  configurations.  Thus,  we  need  to  be  able  to 
quantify  their  magnitude  as  a  function  of  scale  and  key 
operating  parameters 
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VIEWGRAPH  2 


TECHNICAL  ISSUES 

•  End  Effects 

-  MAGNETIC  FIELD  PROFILE 

*  CHANNEL  AND  MAGNET  GEOMETRIES 


-  LOAD  FACTOR 

-  VELOCITY  PROFILE  CHANGES  DUE  TO  ENDS 


•  Viscous  Effects 

-  CURRENTS  IN  SiDE-WALL  BOUNDARY  LAYERS 

*  VELOCITY  PROFILE  EFFECTS 

B  WALL  AND  ELECTRODE  WALL 

*  ENTRY  LENGTH 

*  EFFICIENCY  EFFECTS 

-  MHD  TURBULENCE  DAMPING 

-  CHANNEL  AND  MAGNET  GEOMETRIES 


•  Gas  Production 

-  GENERATION 

*  ELECTRODE  DESIGN 

-  IMPACT  ON  PERFORMANCE 

-  IMPACT  ON  NOISE 

•  Noise  Generation 

-  VARIOUS  MECHANISMS 


21 


•  Considering  these  technical  issues,  we  have 
proceeded  to  structure  a  program  whose  specific 
objectives  are: 


VIEWGRAPH  3 

First,  to  investigate  the  performance  of  thrusters 
over  a  wide  a  parameter  range  as  possible  and  in  doing  so 
identify  and  quantify  the  major  loss  mechanism  as  a 
function  of  the  operating  parameters. 

Secondly,  use  the  data  obtained  to  develop  and 
validate  scaling  relationships  and  models  so  that  at  the 
conclusion  of  the  program  a  capability  would  exist  to 
evaluate  and/or  predict  the  performance  of  large  scale 
systems  of  any  configuration. 

Finally,  attempt  to  develop  data  on  the  origin  and 
levels  of  noise  that  could  be  tied  to  the  thruster.  The  data, 
hopefully,  will  demonstrate  that  the  projected  low  noise 
levels  are  likely  to  be  achieved  and  provide  the  basis  for 
designing  more  indepth  hydro-acoustic  experiments. 
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VIEWGRAPH  3 


PROGRAM  OBJECTIVES 

Investigate  the  Performance  of  MHD  Thrusters  Over  Wide 
Parameter  Ranges  and  Identify  and  Quantify  Major  Loss 
Mechanisms 

Develop  Validated  Models  and/or  Scaling  Relationships  for 
Predicting  Performance  of  Full  Scale  Thruster  Geometries  in 
Operational  Parameter  Ranges  of  Interest 

Obtain  Preliminary  Data  On  the  Origin  and  Level  of  Acoustic 
Noise  That  Could  be  Attributed  to  the  MHD  Thruster 
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To  achieve  these  objectives  outlined  and  to  live 
within  cost  constraints,  we  have  adopted  the  following 
technical  approach. 

VIEWGRAPH  4 
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VIEWGRAPH  4 

TECHNICAL  APPROACH  ADOPTED 

Focus  on  Generic  Technical  Issues  Impacting 
Magnetohydrodynamic  Performance 

Test  Facility  Design 

-  no  mechanical  pump;  flow  generated  by  MHD  thruster 

-  LARGE  EXTERNAL  PIPING  TO  MINIMIZE  NOISE  LEVELS 

-  INTERMITTENT  HEAT  REMOVAL 

-  NO  EXTRAORDINARY  MEASURES  TO  QUIET  FACILITY 

-  MINIMUM  COST 

Test  Several  Thrusters  of  Varying  Size  and/or  Configuration 

Employ  3-D  Modeling/Dimensional  Analyses  to  Develop 
Fundamental  Understanding  of  Technical  Issues  and  Projects 
of  Performance  to  Full  Scale 

Utilize  Existing  Electrode  Systems  Available  From  Industry 

Acquire  the  Preliminary  Hydroacoustic  Data  in  Conjunction 
With  Acquisition  of  Magnetohydrodynamic  Data 
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At  this  time  I  would  like  to  discuss  several  technical 
issues  further  to  underscore  their  potential  importance  in 
operational  ranges  that  are  compatible  with  achieving 
acceptable  efficiencies,  (e.g.  low  K),  and  thus  to  establish 
the  rationale  for  the  program  we  are  pursuing. 

First,  let  me  address  the  end  loss  mechanism,  which  is 
depicted  in 


VIEWGRAPH  5 

When  a  voltage  is  applied  across  the  thruster 
electrodes,  current  flows  directly  between  the  electrode 
and  also  in  the  end  region.  The  relative  flow  of  current 
between  the  region  internal  and  external  to  the  electrodes 
will  depend  upon  the  aspect  ratio  L/A,  the  load  parameter 
K,  (e.g.  Vr  )  and  the  magnetic  field  distribution 

internal  and  external  to  the  electrodes. 
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This  fact  is  perhaps  better  illustrated  on  the  next 

ViEWGRAPH  6 

by  an  equivalent  thruster  circuit.  The  thruster  here  is 
represented  through  parallel  circuits,  each  having  an 
effective  resistance  Rl  and  RE.  A  back  EMF  is  generated  in 
between  the  electrode  whose  magnitude  is  UaB  where  U  is 
the  average  velocity  and  B  the  magnetic  field;  in  the  end 
region  the  field  tapers  off  and,  therefore,  the  back  EMF  is 
considerably  lower  than  that  which  exists  between  the 
electrodes.  The  key  parameter  is  the  load  factor  which 
determines  the  relative  flow  of  the  current  to  the  ends,  vis 
a  vis  between  the  electrodes.  The  uniformity  of  the  field 
impacts  the  local  load  parameters  and,  hence,  current 
distribution. 
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RAPH  6 


On  the  next 


VIEWGRAPH  7 

is  a  table  which  presents  preliminary  estimates  of  the 
magnitude  of  the  potential  losses  due  to  end  currents  and 
the  non-uniformity  of  the  magnetic  field  for  the  large 
channel  we  are  planing  to  test,  whose  aspect  ratio  AR=6. 

The  first  column  represents  the  ideal  conditions,  no 
end  currents,  and  constant  B  field.  The  second  column 
represents  the  ideal  channel  with  the  existing  magnetic 
field.  The  third  column  is  the  calculated  effect  of  the  end 
current  on  efficiency.  As  is  apparent,  the  effects  are 
greatest  at  the  low  load  parameter. 
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V1EWGRAPH  7 


CALCULATED  LOSS  IN  EFFICIENCY  DUE  TO 
NONUN  I  FORM  FIELD  AND  END  LOSS 


Load 

Ideal 

Factor 

Efficiency 

1.1  • 

.90 

1.3 

.76 

1.5 

.66  . 

2.0  . 

,49 

3.0 

,33 

4,0  . 

,24 

Actual  B  Efficiency 
No  Ends  With  Ends 


oo 

cr> 

CO 

,73 

.70 

,63 

,61 

,48 

,46 

,32 

.31 

,24 

.23 

Electrode  length  =  3.0  m 
Electrode  spacing  =  0.5  m 
Aspect  ratio  =  6.0 
Superconducting  field  profile 
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The  previous  data  was  for  a  specified  electrode 
length  of  3  meters. 

An  important  issue  is  the  effect  on  end  loss  and  on 
efficiency  of  varying  the  electrode  length  within  a  given 
magnetic  field  distribution.  Electrodes  of  various  lengths 
can  be  positioned  within  the  magnetic  field  as  illustrated 
on  the  next 


VIEWGRAPH  8 

The  magnetic  field  distribution  shown  is  that  of  the  6T 
magnet  we  will  use  in  our  test  program. 
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VIEWGRAPH  8 


•  •  * 


•  Tit  Si  *01 Jli  oil  J*9YK 
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Some  very  preliminary  analysis  indicates  that  the 
impact  of  electrode  length  can  be  significant  and  there  is 
likely  an  optimal  length,  as  shown  on  the  next 

VIEWGRAPH  9 

As  is  indicated,  as  the  electrode  length  is  increased, 
the  efficiency  drops  off  rapidly;  conversely,  as  the 
electrode  length  is  reduced  to  zero,  the  efficiency 
approaches  the  ideal.  Under  such  conditions,  however, 
there  is  no  thrust.  Similarly,  the  AP  generated  increases, 
and  peaks  at  the  length  corresponding  to  the  total  length 
of  active  field.  The  results  suggest  that  from  an  overall 
system  optimization  viewpoint,  there  is  likely  an  optimum. 
We  have  defined  a  figure  of  merit  as  the  V\.  x  AP  which  is 
plotted  and  which  shows  an  optimum  at  about  4  meters. 

The  issue  is  to  utilize  as  much  of  the  filed  as  you 
effectively  can  to  maximize  the  overall  power  train 
performance.  For  example,  as  one  goes  from  3  meters  to  4 
meters  the  efficiency  drops  by 

.6162  -  .5323  =  12% 

.6162 

But  the  pressure  rise  increases  by 


.146  -  .414  =  32% 

.414 

The  relative  importance  of  this  phenomenon  will 
depend  upon  the  magnet  design  (field  distribution). 
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Figure  of  Merit 


The  magnetic  field  distribution  load  can  also  effect 
the  velocity  profiles  and  thus  possibly  impact  the  wall 
shear  on  both  the  B  wall  and  the  electrode  wall  and,  hence, 
thruster  viscous  losses. 

That  this  can  happen  can  be  seen  from  the  schematic 
representation  of  the  flow  profile  relative  to  the  B  wail  as 
illustrated  on  the  next 

VIEWGRAPH  10 

The  current  that  will  pass  through  the  flow  locally  is 
given  by  the  relationship  indicated  where  VT  is  the  applied 
voltage,  B  the  field,  and  U  is  the  local  velocity.  Because  of 
the  velocity  profile  in  the  flow,  the  driving  force  or 
voltage  gradient  increases  with  decreasing  distance  to  the 
B  wall.  Therefore,  as  the  wall  is  approached,  the  current 
flow  will  be  increased  and  the  flow  accelerated.  The  net 
effect  is  to  flatten  the  velocity  profile  and  increase  the 
velocity  gradient  near  the  wall:  this  in  turn  will  increase 
the  viscous  loss. 
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The  effect  should  be  a  strong  function  of  the  load 
factor  K  as  schematically  illustrated  on  the  next 

VIEWGRAPH  11 

For  very  large  load  factors,  the  effect  is  expected  to 
be  very  small  and  the  profiles  will  be  little  changed  from 
OHD  flows.  However,  for  the  low  load  factors  approaching 
1,  the  effect  would  be  significant  as  indicated.  How  fast  the 
changes  in  flow  profile  will  occur  in  a  specific  length 
thruster  will  be  determined  by  the  Interaction  Parameter 

tJ  =  cr  is 2  L_ 

~T~cr~ 

This  effect  is  currently  being  evaluated  with  our  3-D  codes. 
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The  velocity  profile  on  the  electrode  walls  can  be 
impacted  by  interaction  of  the  currents  and  field 
distribution  in  the  entrance  region. 

For  example,  in  the  entrance  region  as  illustrated  in 

VIEWGRAPH  12 

current  flows  in  a  pattern  similar  to  that  indicated.  In  the 
center  of  the  duct  the  current  is  orthogonal  to  the  field  and 
flow,  whereas  as  you  get  near  the  electrode  wall  it  tends  to 
become  much  less  so.  Therefore,  the  pumping  action,  the  J 
x  B  is  much  stronger  in  the  center,  as  compared  to  near  the 
wall.  Thus,  one  can  expect  that  the  velocity  gradient  will 
change  near  the  wall  thus  impacting  shear  and  viscous  loss. 

Once  the  flow  enters  the  region  in  the  thruster  whore 
the  currents  are  eventually  perpendicular  to  the  flows,  the 
J  x  B  becomes  a  constant  and  thus  there  should  be  little 
effect  on  the  velocity  profile  on  the  electrode  wall.  The 
same  phenomena  occurs  in  the  exit  region. 

We  have  not,  as  yet,  generated  any  numbers  to 
quantify  this  affect  since  we  have  not  completed 
modification  of  our  3-D  code  to  account  for  the  end 
currents.  We  hope  to  have  this  completed  within  a  few 
months. 
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VIEWGRAPH  12 
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Another  important  issue  that  needs  to  be  addressed 
is  the  impact  of  the  gaseous  bubble  generated  at  the 
electrode  due  to  electrolysis  of  the  sea  water  as 
schematically  illustrated  on  the  next 

VIEWGRAPH  13 

As  is  indicated  there  are  a  number  of  potential 
impacts  that  need  to  be  studied  and  quantified. 
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VIEWGRAPH  13 

IMPACT  OF  PRESENCE  OF  BUBBLE  UPON  THRUSTER  PERFORMANCE 
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o  DECREASE  EFFECTIVE  CONDUCTIVITY 

o  INCREASE  VOLTAGE  DROP  IN  NEIGHBORHOOD  OF  ELECTRODES 

o  DECREASE  TOTAL  EFFECTIVE  VOLTAGE  AND  CURRENT 

o  ALTER  CURRENT  DISTRIBUTION  IN  NEIGHBORHOOD  OF  ELECTRODES 
o  DECREASE  GLOBAL  THRUST 

o  INCREASE  NOISE  SIGNATURE 

o  INCREASE  ELECTRODE  CORROSION  AND  REDUCE  ELECTRODE 

OPERATING  TIME 
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I  would  now  like  to  turn  to  an  important  task  in  our 
program  that  we  are  focusing  on  at  present  -  to  develop  a 
Research  Plan  and  to  design  a  Test  Facility  that  will  allow 
us  to  achieve  our  technical  objectives.  Before  discussing 
the  Test  Plan  definition  activity,  it  is  worthwhile  to 
summarize  the  technical  issues  that  we  believe  need  to  be 
investigated.  They  are  as  listed  on 

VIEWGRAPH  14 

I  tried  to  touch  on  most  of  these;  time  limitation 
clearly  precludes  a  detailed  discussion  of  all. 
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VIEWGRAPH  14 


TECHNICAL  ISSUES 

END  EFFECTS 

Magnetic  field  profile 
Channel  and  magnet  geometries 
Load  factor 

Velocity  profile  changes  due  to  ends 

VISCOUS  EFFECTS 

Currents  in  side-wall  boundary  layers 
Velocity  profile  effects 
Hartmann  &  turbulent  profiles 
Entry  length 
Efficiency  effects 
MHD  turbulence  damping 

GAS  PRODUCTION 

Generation 
Electrode  design 
Impact  on  performance 
Impact  on  noise 

NOISE  GENERATION 

SCALE-UP 

Dimensionless  parameters 
Range  for  experiments 
Range  for  applications 
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We  have  adopted  several  specific  objectives  as  we 
proceed  to  develop  the  Research  Plan  and  the  actual  Test 
Program.  They  are  given  on  the  next 


VIEWGRAPH  15 


VIEWGRAPH  15 


OBJECTIVE  OF  TEST  PROGRAM 

Acquire  data  of  sufficient  breadth,  resolution,  and  accuracy 

FOR  PROPER  VALIDATION  OF  THRUSTER  PERFORMANCE 

•  Confirmation  of  key  assumptions  ( e . g . ,  validity  of 

TURBULENCE  MODELS,  TREATMENT  OF  END  LOSSES) 

•  Resolution  of  critical  issues  (e,g,,  effect  of  H2 

BUBBLES  ON  THRUSTER  PERFORMANCE) 

•  Performance  prediction  at  design  and  off  design 

OPERATION 

Acquired  data  on  acoustic  noise  (DTRC),  identify  noise 

SOURCES,  AND  CORRELATE  ACOUSTIC  SIGNATURES  WITH  OPERATIONAL 
PARAMETERS  OF  THRUSTER 

Confirm  absence  of  unanticipated  effects  that  can  adversely 

AFFECT  PERFORMANCE 


47 


The  principal  features  of  the  Experimental  Program 
we  are  developing  are  given  in 

VIEWGRAPH  16 
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V1EWGRAPH  16 


Features  of  Experimental  Program 

-  Thrusters  of  different  sizes  (and  possibly  configurations) 

•  Study  effect  of  surface  to  volume  ratio 

•  Obtain  data  to  confirm  scaling  relationships 

•  Compare  performance  of  different  thruster  designs 

-  Steady  state,  start-up,  and  coast  down  testing 

•  Study  ability  of  design  codes  to  predict  transient 
behavior 

•  Determine  transient  operational  characteristics 

-  Performance  measurements  under  a  wide  range  of  magnetic 
fields,  load  factors,  and  external  loads 

•  Obtain  performance  curves  of  thruster 

-  Global  and  local  measurements 


-  Variable  ambient  pressure  to  study  effects  of  gas  phase 

SOLUBILITY  ON  BUBBLE  GENERATOR,  EVOLUTION,  AND  CONTRIBUTION 
TO  NOISE 
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The  specific  measurements  we  are  planning  to  make 
are  given  on 

VIEWGRAPH  17 
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VIEWGRAPH  17 


Global  Measurements 

•  Overall  pressure  rise 

•  Flow  rate 

•  Applied  voltage 

•  Electric  power  input 

•  Magnetic  field 

•  Rapid  data  acquisition  rate  allows  study  of  transient 

EEHAVIOR  AND  EXTENSIVE  TEST  PARAMETER  RANGE 


Local  Measurements 

•  Axial  pressure  distributions 

•  Velocity  profiles  (mean  and  RMS) 

•  Voltage  distributions 

•  Gas  phase  distributions 

•  Taken  at  selected  locations  and  operating  parameters  to 
provide  in  depth  validation  of  code  models  and  help 
resolve  discrepancies  between  predicted  and  measured 
performance 
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The  diagnostics  we  are  considering  to  obtain  the  data 
desired  are 

VIEWGRAPH  18 


52 


VIEWGRAPH  18 


Pressure  : 


Velocity: 


Voltage  : 


Void  fraction: 


Computer  based 


Instrumentation 


High  quality  differential  pressure 
transducers  outside  magnetic  field  connected 
through  manifolds  and  valves  to  several 
pressure  measurement  locations 


Hot  film  anemometry 
LDV  (IF  RESOURCES  PERMIT) 

Selected  locations  inside  the  magnet 
Velocity  profiles  at  nozzle  and  diffuser, 
Computer  controlled  traversing  mechanisms 

USING  ANEMOMETERS 


Voltage  probes 


Conductivity  probes,  Optical  techniques, 


DAS 
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The  Hydroacoustics  experiments  that  we  plan  to 
pursue  on  the  thruster,  while  preliminary  in  nature,  are 
very  important.  Therefore,  it  is  appropriate  that  I  expand 
a  little  on  what  is  being  planned  in  this  area.  It  should  be 
noted  that  the  hydroacoustics  research  is  being  planned 
and  will  be  implemented  by  Dr.  Ted  Farabee  of  David  Taylor 
Research  Center. 

A  listing  of  the  potential  noise  mechanisms  for  an  MHD 
propulsor  is  given  in 


VIEWGRAPH  19 

The  ANL  program  will  be  dealing  with  only  the  first  three. 
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UNCLASSIFIED 

DTRC 


A  conceptual  signature  of  the  MHD  thruster  is  given  in 

VIEWGRAPH  20 

to  illustrate  potential  frequency  ranges  associated  with 
each  mechanism 
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CONCEPTUAL  SIGNATURE  OF  MHD  THRUSTER 


MKir^l  ACCitr»rrr% 


The  Hydroacoustic  Program  Objectives,  it's 
associated  Facility  Design  requirements,  and  the 
experimental  approach  is  given  in  the  next  4  viewgraphs. 


VIEWGRAPHS  21, 22,  23,  &  24 
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FACILITY  DESIGN  APPROACH  (ACOUSTIC  ISSUES) 
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EXPERIMENTAL  APPROACH  (ACOUSTIC  ISSUES)  con't 
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EXPERIMENTAL  APPROACH  (ACOUSTIC  ISSUES) 
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To  facilitate  implementation  of  the  Experimental 
Program,  a  large  Volumetric  Flow  Test  Facility  that  can 
take  full  advantage  of  the  capabilities  of  the  large  6T 
magnet  is  being  designed  and  built.  This  task  has  jusi  been 
initiated  and  therefore  what  is  presented  must  be 
construed  as  very  preliminary;  changes  are  assured. 

The  Facility  design  objectives,  its  main  design 
features,  and  a  schematic  of  the  initial  configuration  being 
considered  for  the  flow  loop  are  given  in 

VIEWGRAPHS  25,  26,  and  27 
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DESIGN  OBJECTIVES 
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V1EWGRAPH  27 


66 


Last,  but  not  least,  I  would  like  to  describe  briefly  the 
analysis  and  modelling  activity  which  is  considered  to  be 
crucial  to  quantifying  and  developing  a  fundamental 
understanding  of  the  loss  mechanisms  of  interest;  also  for 
generating  a  validated  capability  for  predicting  full  scale 
thruster  performance. 

The  objectives,  this  approach  and  the  specific  tasks 
being  pursued  are  summarized  in 

VIEWGRAPHS  28,  29,  30,  and  31 
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VIEWGRAPH  28 
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V1EWGRAPH  29 


uj 

< 

o 

ej 

c_ 

Q 

< 


o 

UJ 

UJ' 

1— 

21 

z 

< 

< 

C2 

z 

z 

nz 

>- 

>- 

x 

25 

CD 

O 

o 

a: 

£  * 

t — \ 

>- 

>- 

Lj 

zzr 

21 

CO 

Q 

cc 

O 

r~ 

22 

■-J 

UJ 

2: 

Z 

CO 

<=C 

< 

25 

»  1 

wiJ 

UJ 

«  1 

**r*^ 

M 

MM 

ZD 

< 

UJ 

cr: 

25 

21 

■  ’ 

UJ 

a 

O 

— 

UJ 

z 

u> 

i — 
UJ 

_J 

UJ 

«a: 

a 

UJ 

CO 

_ 1 

UJ 

cc 

£ 

UJ 

CO 

o 

< 

h- 

UJ 

_J 

co 

C 

SI 

UJ 

< 

Z 

1 

o 

UJ 

2 

SI 

»'  ■ » 

_J 

CO 

LD 

CD 

UJ 

z 

Z 

_J 

UJ 

NN 

U 

CD 

z 

CO 

z 

•— 

z 

co 

Cj 

1 

UJ 

a 

5 

U_ 

o 

_ 1 

UJ 

UP 

CO 

«C 

er: 

2 

: 

P 

O 

1— 

_j 

z 

CO 

>- 

CO 

=: 

UJ 

UJ 

H ■ 

z 

— 1 

— J 
< 

X 

CO 

«=: 

2) 

25 

z 

o 

UJ 

1 

MM* 

■  *  ■' 

r— 

CO 

1 

UJ 

z 

<-✓ 

--r 

UJ 

— 

X 

CO 

J— 

22 

1 

_ 1 

***" 

***^ 

1 

z 

< 

.  . 

< 

CO 

->s 

, _ 

~J 

CO 

p 

< 

— ■ 

z> 

CO 

UJ 

Cl 

25 

UJ 

22 

z 

U5 

CO 

a- 

21 

cz 

Z 

o 

<=C 

«C 

_j 

>- 

5— 

UJ 

UJ 

UJ 

> 

U_ 

— - 

O 

a 

UJ 

— 

25 

lu¬ 

o 

a 

a 

UJ 

es: 

UJ 

o 

UJ 

QJ 

2= 

cu 

c_ 

a 

UJ 

z 

> 

T* 

CD 

o 

z 

CO 

O 

* 

69 


VIEWGRAPH  30 
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CODE  VALIDATION  WITH  ANALYTICAL  SOLUTIONS,  EXPERIMENTAL  DATA  OR  OTHER 
ANALYSES 


ANALYSIS  AND  MODELING  TASKS  (CONT'D) 


i 

UJ 

> 


CO 


UJ 


UJ  UJ 
UJ  — 
>  LU 
Z  LU 
O  LU 
UJ  o 
w  UJ 


2  ° 

CO 


=3 

o 


2  a 


IN 


CO 

z 

o 

UJ 


ud 


— !  CO 


UJ 

z 

< 

>- 

o 

ZD 

CD 


o 

cz 

a 

i 


CO 

CO 

LU 

QZ 

Q_ 

UJ 


UD 

< 


CO 

LU 

UJ 


UD 


O 

DC 


CD 

CO 

=5 

CD 


CD 

O 


UJ 

LU 

_J 

LU 


CD  UD 

< 

_  CO 

<  z  p 

zd  ^ 

O  —  CD 


z 

o 


o 

CO 


< 

2= 


CD  — 


CN 

LU 

CO 

< 


Cs J 


CO 


o 

I 

!  I  I  •— J 

£  UJ 
uj  Q 
_J  CD 

E_  z 
zc 


CO 


jC 


< 

cu 

CO 
CO 

U-l  — , 

=  CD 
H— 

CO 

Lu  P 
O  — 


z 
ec 

1—  >- 
2  2 
H  uj 

z 

LU 

*■“  1 — 
UJ 
LU  2 
CO  P 

S  ^ 


DC 


ZD 

CD 


CN 

CN 


LU 

CD 

O 

DC 

H— 

UJ 

LU 


CO 

LU 


DC 

LU 

h— 

CO 


NO 

CN 


>- 

CD 

CO 

LU 

_J 

CQ 

CD 

CZD 

OD 


—  Z 

>  O 

N—  N— 
UJ  O 
=5  = 

CD  S 

z  o 
o  cz 
UJ  cu 


CC 

UJ 

o 


CO 

CO 

CD 


ZD  >- 
P  UJ 

Z 

2  2 

—  UJ 


CD  LU 
~  LU 


CO 


LU  =D 
UJ  p 

z  ^ 
o 

LJ 


LU 

<=£ 

ZD 

a 

h— 

CD 

5 

CU 

1 

O 

h“* 

Z 

LU 

UJ 
_ i 

Z 

«=c 

f— 

LU 

31 

CD 

£ 

_J 

ZD 

CQ 

03 

cu 

o 

CD 

LU 

CQ 

ZD 

cz 

z 

LU 

CO 

zc 

QZ 

CQ 

CD 

z 

CD 

P 

< 

CO 

ZD 

LU 

•— • 

<C 

h— 

h— 

LU 

■3L— 

CO 

*— * 

SI 

_J 

UJ 

UD 

UJ 

ZD 

UJ 

csz 

CQ 

LU 

<x. 

_U 

LU 

CD 

LU 

«=C 

CO 

CD 

H— 

Cu 

LU 

CO 

1— * 

H— 

«C 

LU 

x: 

— < 

CO 

z 

CO 

DZ 

O 

— ’ 

CD 

«=c 

LJ 

cl 

Cu 

>• 

71 
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SUPERCONDUCTING  ELECTROMAGNETIC 
THRUSTER  FOR  SEAWATER  PROPULSION 


Presented  by 
Dr.  J.C.S.  Meng 
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EXPERIMENTAL  MODELS  OF  HYDRODYNAMIC  EMT 


HIGHLIGHTS  OF  JAFSA'S  SCEMT 
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RELEVANT  PHYSICS  FOR  SCEMT  AND  SEAWATER  MHD 
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CRYOGENIC  SYSTEMS  (DR.  HUMMERT,  WECO) 

UNDERSEA  SYSTEMS  INTEGRATION  (MR.  LONGDREGAN,  EB) 


NUSC/INDUSTRY  SCEMT  WORKSHOP 
MHD  THRUSTER  SYSTEM  SUBGROUP  REPORT 
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NUSC/INDUSTRY  SCEMT  WORKSHOP 
SUPERCONDUCTING  MAGNET  SUBGROUP  REPORT 
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DUE  TO  THE  MULTI-FACET  ASPECT  OF  THE  PROGRAM,  A  MULTI-DISCIPLINARY  GROUP 
APPROACH  WITH  SIGNIFICANT  SYSTEMS  INPUT  MUST  BE  ESTABLISHED 
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MAGNETOHYDRODYNAMIC  SUBMARINE  PROPULSION  SYSTEM  PROGRAM 
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MAGNETOHYDRODYNAMIC  SUBMARINE  PROPULSION  SYSTEM 
DEVELOPMENT,  OPERATIONAL,  AND  STEALTH  ISSUES 
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COMPARISON  OF  CONVENTIONAL  AND  MAGNET OHYDROOYNAMIC  SUBMARINE  PROPULSION  SYSTEMS 
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COMPARISON  OF  VARIOUS  PROPULSION  SYSTEM 

MOUNTING  CONCEPTS 


For  externally  mounted  hull  configurations,  two  configurations  are  possible  -  the  squirrel  cage 
and  the  annular  hull  mount.  In  the  first  magnetohydrodynamic  thruster  experiments  performed  by 
Stewart  Way,  the  squirrel  cage  configuration  was  used.  This  approach  was  successful  in  propelling 
a  vehicle  through  seawater.  The  annular  hull  mount  concept  offers  several  improvements  -  such  as 
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B  FIELD  AND  CURRENT  DIRECTIONS  FOR  THE  THREE  CONFIGURATIONS 
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The  USS  Buffalo  is  typical  of  the  Los  Angeles  attack  class  submarines.  With  a  total  length  of 
110  m,  a  diameter  of  10.1  m,  and  a  submerged  displacement  of  6900  tons,  this  submarine  can  achieve 
submerged  speeds  of  30+  knots  with  its  existing  power  plant  of  ~  35,000  shaft  horsepower. O ) 
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USS  BUFFALO  (SSN  -  715) 
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ANNULAR  HULL-MOUNTED  CONCEPT  FOR  MAGNE IOHYDRODYNAMIC  SUBMARINE  PROPULSION 
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QUASI-1  D  MODEL  -  THRUST  AND  DRAG 


TEXTRON 


An  optimization  model  has  been  developed  to  conduct  studies  to  investigate  the  potential  for  vari¬ 
ous  thruster  operating  conditions.  The  model  is  nondimensionalized  and  is  used  to  define  the 
major  geometry  characteristics  of  the  thruster  system.  Three  of  these,  which  are  discussed  in  the 
following  figures,  are  the  optimum  thruster  length,  thruster  radial  width  ratio,  and  thruster  exit 
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OPTIMUM  NOZZLE  AREA  RATIO 


N823S  Avco  Research 


The  opening  in  the  magnetohydrodynamic  thruster  region  was  also  investigated  as  a  function  of  sub¬ 
marine  length.  The  nondimensional  power  versus  nondimensional  thruster  opening  is  plotted  for 
three  velocities.  As  expected,  increasing  the  size  of  the  inlet  area,  which  increases  the 
thruster  volume,  increases  the  performance  and  decreases  the  nondimensional  power  requirements. 
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VARIATION  WITH  CHANNEL  RADIAL  WIDTH  RATIO 
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POWER  (MW)  VS.  SUBMARINE  VELOCITY 
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POWER  (MW)  VS.  SUBMARINE  VELOCITY 
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VOLTAGE  (V)  VS.  SUBMARINE  VELOCITY 


The  resultant  current  for  the  magnetohydrodynamic  submarine  propulsion  system  is  180,000  A  for 
17  m/sec  (34  knots).  Again,  as  was  the  case  with  the  required  voltage,  the  current  is  relatively 
sensitive  to  the  channel  radial  width  ratio.  Consequently,  significant  changes  in  current  occur 
when  this  ratio  is  increased  or  decreased.  For  this  current  level,  the  current  density  is  quite 
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CURRENT  (KA)  VS.  SUBMARINE  VELOCITY 
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The  magnetohydrodynamic  propulsion  efficiency  varies  as  a  function  of  velocity.  For  the  case  of 
the  channel  radial  width  ratio  equal  to  0.015,  the  efficiency  varies  from  ~  70%  at  1  knot  to 
~  60%  at  17  m/sec  (34  knots).  Again,  this  curve  is  for  an  applied  magnetic  field  of  8  Tesla  and 
an  electrical  power  level  of  45  MW.  As  expected,  larger  values  of  channel  radial  width  ratio  have 
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MAGNETOHYDRODYNAMIC  SUBMARINE  PROPULSION  SYSTEM  MASS  BALANCE 
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OR  ENGINE  ROOM  PACKING  EFFICIENCY 


MAGNETOHYDRODYNAMIC  SUBMARINE  MAGNET  MODELING 
GENERAL  DYNAMICS  SIXTEEN  ELEMENT  MODEL 


d)  •>  r— 

s.-o  fl 

O)  •—  4-> 

1  oj  o 

•r~  4-> 


o>  x: 


•o  i- 

Ol  <D  X3  m 
£  M  C  0) 
I—  3  0)  C 


153 


< D 
Z 


UJ 


og 


LU 


<5Z 

2lu 
§2 
•S  UJ 

LU  -J 
ZLU 


<UJ 

«g 

P 

— o 

MS  ^Vlb 

z< 


Q> 

o°t 

ar-J 

Q< 

>.<r 

xw 

02 

LUC? 

Z 

o 

< 

2 


NORMALIZED  AXIAL  MAGNETIC  FIELD  LEAKAGE  PROFILE 
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NORMALIZED  AXIAL  MAGNETIC  FIELD  LEAKAGE  PROFILE 
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DISTANCE  FROM  COIL  CENTER  (m) 


RADIAL  MAGNEJ1C  FIELD  LEAKAGE  PROFILE 
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RADIAL  MAGNETIC  FIELD  LEAKAGE  PROFILE 
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AVCO  MHD  PROPULSION  CAN  FAVORABLY  IMPACT  ENT  IRE  SUBMARINE  SYSTEM 
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FLOW  CHARACTERISTICS  INSIDE  MHD  SEAWATER  THRUSTERS 


Ezzat  Doss 

Argonne  National  Laboratory 
Argonne,  Illinois  60439,  U.S.A. 


ABSTRACT 

A  three-dimensional  MHD  fluid  flow  computer  model  has  been  developed  and  applied  to  study  the 
concept  of  MHD  seawater  propulsion.  The  effects  of  strong  magnetic  fields  on  the  current  and 
electrical  fields  inside  the  MHD  duct  and  their  interaction  with  the  flow  fields,  particularly  those  in 
the  boundary  layers,  have  been  investigated.  Results  of  parametric  studies  for  variables 
influencing  the  flow  field  characteristics  and  the  overall  performance  of  the  propulsion  systems  are 
discussed.  Such  parameters  include  the  magnetic  field,  and  electrical  loading  of  the  MHD  thruster. 
The  results  of  the  calculations  performed  indicate  the  sensitivity  of  the  thruster  performance  to  the 
load  factor.  The  distribution  of  Jy  current  density  in  the  Hartmann  layers  of  the  insulating 

sidewalls  causes  the  flattening  of  the  velocity  particles  of  sidewall  boundary  layers  relative  to  the 
velocity  profiles  over  the  electrode  walls.  These  nonuniformities  in  the  flow  field  give  rise  to 
nonuniform  distribution  of  the  skin  friction  along  the  walls  of  the  thrusters,  where  higher  values 
are  predicted  over  the  sidewalls  relative  to  those  over  the  electrode  walls.  The  extent  of  such 
nonuniformities  of  the  flow  fields  and  the  corresponding  differences  in  the  skin  friction  between 
the  sidewalls  and  electrode  walls  diminishes  as  the  magnetic  field  or  load  factor  decreases.  Careful 
considerations  should  be  given  to  the  calculation  and  magnitude  of  frictional  losses  because  of  their 
impact  on  the  efficiency  of  MHD  thrusters. 


BACKGROUND 

There  is  considerable  renewed  interest  in  the  possibility  of  using  the  MHD  concept  for  propelling 
submarines  or  surface  ships.  This  idea  has  been  examined  in  the  past  by  several  investigators 
(Refs.  1  -  6),  and  it  was  found  to  have  sufficient  merit  to  warrant  further  studies,  provided  the 
applied  magnetic  field  is  high. 

MHD  seawater  propulsion  offers  several  advantages  over  conventional  mechanical  propellers.  For 
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example,  the  absence  of  a  mechanical  propeller  system  will  lend  to  a  reduced  vibration  level  in  the 
ship  or  submarine;  thus  to  a  reduction  in  the  mechanical  noise  generated.  Also,  the  speed  of 
conventional  propellers  is  limited  by  cavitation.  Such  a  restriction  does  not  exist  in  MHD 
propulsion  system.  Therefore  there  is  a  potential  to  operate  submarines  and  ships  at  higher  speeds. 
Quiter  and  faster  ships  or  submarines  are  desirable  for  obvious  reasons.  MHD  seawater 
propulsion  has  the  potential  to  achieve  these  goals  at  high  propulsion  efficiencies. 


Magnetohydrodynamic  seawater  propulsion  depends  on  the  conductivity  of  the  seawater  to  carry 
the  electric  currents.  The  applied  magnetic  field  interacts  with  the  electric  current  to  produce  the 
Lorentz  forces,  (J  x  B),  necessary  to  provide  the  propulsion  force.  In  order  to  increase  the 
propulsion  efficiency,  the  MHD  forces  have  to  be  large.  This  can  be  achieved  basically  by  either 
increasing  the  fluid  electrical  conductivity  or  by  increasing  the  magnetic  field.  One  can  enhance  the 
conductivity  of  seawater  by  any  seeding  procedure.  However  this  has  a  drawback  of  leaving  a 
detectable  trail  of  high  conductivity  fluid  behind  the  surface  ship  or  submarine,  unless  it  should  be 
possible  to  recover  the  conducting  fluid  at  the  stem.  This  option  may  not  be  practical  for 
continuous  normal  operation.  This  conclusion  leaves  the  other  option  of  increasing  the  magnetic 
field  as  an  open  possibility. 

The  effect  of  magnetic  field  strength  on  the  propulsion  efficiency  has  been  studied  by  different 
researchers  in  the  past  using  simple  physical  relationships.  For  example,  Phillips  (Ref.  1)  carried 
out  a  feasibility  study  of  MHD  ship  propulsion  using  different  magnet  configurations  for 
propelling  600  ft.  submarines.  He  found  that  the  overall  efficiency  of  the  propulsion  system  of  the 
submarine  moving  at  a  speed  of  10  knots  with  a  conventional  iron-core  magnet  of  0.6  T  is  only 
8%.  His  conclusion  was  that  low  efficiency  and  thrust  would  make  it  unlikely  to  be  useful  as 
auxiliary  propulsion  unless  a  very  large  magnetic  field  is  applied. 


To  demonstrate  the  need  for  higher  magnetic  fields,  Doragh  (Ref.  2)  carried  out  an  investigation  in 
which  he  showed  that  a  system  propulsion  efficiency  of  60%  can  be  achieved  at  a  speed  of  10 
knots  with  a  magnetic  field  of  10  Tesla.  All  the  above  studies,  and  also  simple  back  of  the 
envelope  calculations  using  basic  physics  laws  lead  to  one  conclusion:  i.e.,  a  superconducting 
magnet  with  a  high  magnetic  field  must  be  used  if  one  hopes  to  achieve  a  practical  MHD 
propulsion  efficiency.  Stewart  Way  of  Westinghouse  (Ref.  3)  was  a  pioneer  in  this  application. 
He  carried  out  a  successful  experimental  test  on  a  submarine  model,  10  ft.  long  of  900  lb. 
displacement  to  demonstrate  the  proof-of-concept  of  MHD  propulsion.  He  has  also  performed  a 
parametric  study  for  submarine  tankers  having  submerged  displacements  of  25,000,  50,000  and 
100,000  tons.  The  corresponding  computed  propulsion  efficiencies  for  a  magnetic  field  of  7 
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Tesla,  and  a  cruise  speed  of  29  knots  were  86%,  83%,  and  79%  in  that  order.  Similar  results 
regarding  the  enhancement  of  propulsion  efficiency  have  been  discussed  by  Hummert  (Ref.  5)  and 
Cott,  et  al  (Ref.  6). 

Outside  the  U.S.,  Japan  and  the  Soviet  Union  are  very  interested  in  MHD  propulsion.  For 
example,  Saji,  et  al  (Ref. 4)  performed  a  parametric  study  for  a  10,000  ton  submarine  tanker.  They 
varied  the  magnetic  field  between  1  and  10  Tesla  and  the  submarine  velocity  between  10  and  60 
knots.  Their  calculations  agreed  with  Doragh's  prediction  of  60%  efficiency  with  a  magnetic  field 
of  10  Tesla.  Also  their  calculations  indicated  that  the  system  propulsion  efficiency  drops 
significantly  to  less  than  5%  for  a  magnetic  field  strength  of  1  T. 


All  previous  studies  of  MHD  propulsion  lead  to  one  conclusion,  i.e.,  a  superconducting  magnet 
with  a  high  magnetic  field  (10-20  Tesla)  must  be  used  if  one  hopes  to  achieve  a  practical  and 
superior  MHD  propulsion  efficiency.  However,  operation  of  magnets  using  superconducting 
materials  required  cryogenic  cooling  with  liquid  helium,  i.e.,  operation  at  4.2K.  Also, 
sophisticated  magnet  designs  operating  in  the  5  to  6  Tesla  range  were  not  generally  available  on  a 
large  scale  production  basis.  Furthermore,  because  of  the  requirement  of  extreme  cryogenic 
environment  with  its  accompaning  cumbersome  refrigeration  and  containment  system,  MHD 
propulsion  was  judged  to  be  infeasible  at  that  time.  Recent  developments  in  high  temperature 
superconducting  materials  have  renewed  interest  internationally  in  reviving  the  concept  of 
electromagnetic  ship  propulsion.  The  critical  temperature  for  the  new  types  of  superconductors 
now  extends  to  about  100K  which  is  well  above  the  77K  boiling  point  of  liquid  nitrogen. 
Cryogenic  cooling  with  liquid  nitrogen  is  significantly  simpler  and  cheaper  than  cooling  with  liquid 
helium  and  nitrogen  can  be  easily  liquified  and  stored  in  ships  or  submarines. 

This  conclusion,  however,  i.e.,  the  need  for  superconducting  magnets  with  high  magnetic  fields 
(10-20  T),  opens  the  door  for  very  important  technical  issues.  One  of  them  is  how  much  can  those 
high  magnetic  fields  alter  or  modify  the  flow  fields  inside  the  MHD  duct  Will  those  flow  fields  be 
distorted  sufficiently  to  invalidate  the  expectation  of  higher  propulsion  efficiencies  ?  Phillips  (Ref. 
1)  presented  a  brief  discussion  about  this  subject  and  indicated  that  the  magnetic  field  can  influence 
the  stability  of  the  boundary  layer,  the  wall  friction,  and  the  boundary  layer  velocity  profile.  His 
discussion  was  qualitative,  very  simple,  and  was  not  backed  up  by  any  quantitative  numerical 
analysis.  In  order  to  answer  those  questions,  three-dimensional  computer  models  are  needed  to 
solve  for  the  electrical  and  current  density  fields  in  the  cross-section  of  the  MHD  ducts  and  include 
these  as  an  integral  part  of  three-dimensional  calculations  of  the  flow  fields.  That  is  the  purpose  of 
this  paper. 
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COMPARISON  OF  FLOW  PARAMETERS  BETWEEN  MHD  SEAWATER  THRUSTERS  AND 

OPEN-CYCLE  MHD  GENERATORS 


Exhaustive  work  has  been  done  on  MHD  channel  flow  for  open-cycle  plasma  power  generation, 
but  there  has  been  minimal  research  effort  on  duct  flow  for  seawater  MHD  propulsion.  However, 
MHD  flow  inside  ducts  is  subject  to  J  x  B  forces  whether  the  duct  is  an  MHD  generator  or  an 
accelerator.  In  the  first  case,  electrical  power  is  extracted  from  the  interaction  of  the  fluid  flow  with 
the  magnetic  field.  In  the  accelerator  case,  energy  is  supplied  to  the  duct  by  applying  an  external 
electrical  field,  and  the  resulting  electrical  currents  interact  with  the  magnetic  field  to  produce  a 
driving  force  that  pushes  the  fluid  through  the  duct.  This  is  the  case  of  MHD  propulsion.  There 
are  obviously  some  differences  between  the  flow  medium  and  the  operating  conditions  between  the 
two  cases;  however,  the  governing  equations  and  the  physical  phenomena  are  quite  similar. 

In  order  to  place  the  flow  parameters  for  seawater  propulsion  in  perspective,  a  comparison  is  made 
between  the  expected  operating  parameters  for  ship  propulsion  and  those  for  open-cycle  MHD 
power  generation.  Table  I  lists  these  parameters.  In  turn,  these  physical  parameters  can  be  used  to 
estimate  several  important  dimensionless  groups  which  govern  the  flow  fields  inside  MHD  ducts 
and,  hence,  the  MHD  thrust  efficiency.  The  dimensionless  groups  include  the  following: 

•  Reynolds  Number  --  R  n  =  p  UD/p 

•  Magnetic  Reynolds  Nr  ber  -  (Rn)m  =  p0aUL 

•  Hartmann  Number  -  Ha  =  (0  B-D2/^)1/2 

•  Interaction  Parameters  -  (Iy  =  a  B2  L/pU,  Ip  =  a  UB21VP) 


It  can  be  seen  from  Table  I  that  there  are  many  similarities  between  the  applications  of  MHD  for 
open-cycle  power  generation  and  for  seawater  propulsion.  The  values  of  the  dimensionless 
parameters  indicate  that,  in  some  cases  when  strong  magnetic  interaction  with  the  flow  occurs,  the 
velocity  fields  may  be  distorted. 


In  MHD  generators,  the  flow  and  electrical  fields  are  inherently  three-dimensional  for  a  variety  of 
reasons.  The  aspect  ratio  of  practical  generators  is  close  to  unity  so  that  all  four  boundary  walls  of 
the  duct  affect  the  flow  development.  The  interaction  of  the  MHD  electrical  forces  (JxB)  with  the 
fluid  flow  leads  to  flow  distortions.  The  cross-sectional  nonuniformity  of  the  axial  component  of 
the  Lorentz  force  (JxB)  is  directly  responsible  for  flattening  the  velocity  profile  along  the  insulating 
sidewalls  and  for  the  possible  generation  of  velocity  overshoots  in  the  boundary  layers.  The 
nonuniformity  in  the  magnetic  field  direction  of  the  Lorentz  force  due  to  Hall  current  produces 
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secondary  flows  which  in  turn  bad  to  flow  asymmetry.  The  tensoria!  nature  of  electrical 
conductivity  and  tv,e  sidewall  boundary  conditions  produce  nonuniform  Joulean  dissipation, 
thereby  distorting  the  temperature  field.  The  distoition  of  the  flow  and  temperature  fields  is 
enhanced  by  me  mutual  coupling  oetv/een  the  flow  and  electrical  fie  'ds.  The  extent  and  nature  of 
flow  distortions  also  depends  on  the  electrical  loading.  Such  unusual  nonuniform  flow  fields  have 
been  investigated  in  the  past  using  three-dimensional  model?  such  ns  those  described  in  Refs.  7-9. 

Table  I 


Operating  Parameters  for  Open-Cycle  Power  MHD  Generation  and  Seawater  Propulsion 


Parameter 

OC-MHD 

Seawater  Thruster 

mode 

generator 

accelerator 

(electric  load  factor) 

<1.0 

(>  1.0) 

working  fluid 

combustion  gases 

sea  water 

seed 

potassium 

none 

U  (m/s) 

700-  1100 

10-40 

T(K) 

2200  -  3000 

300 

Ap  (atm) 

6-10 

0.5-5 

p  (kg/m3) 

~  1 

~  103 

L(m) 

8-15 

10-30 

D(m) 

0.5  -  2.C 

1-3 

B  (Tesla) 

4-8 

5-20 

G  (S/m) 

4-  10 

4-5 

P 

0.3  -  4.0 

0 

electrode 

segmented 

continuous 

Rn  (pUD/n) 

OO 

o 

A 

-  107  - 108 

(Rn)m  (M-o°UL) 

«  1.0 

«  1.0 

Ha  (gB2D2/|i)1/2 

~  103 

-  102  - 103 

Ip  (a  UB2  L/Ap) 

>  1.0 

-0.1  -1.0 

Iu  (aB2L/pU) 

>  1.0 

-0.1  - 1.0 
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For  MHD  seawater  thrusters,  however,  the  electrical  conductivity  of  seawater  is  expected  to  be 
practically  uniform  across  and  along  the  thruster,  and  the  Hall  parameter  is  negligible.  Therefore 
one  might  anticipate  that  such  flow  nonuniformities  would  not  be  manifested  strongly  inside  the 
ducts  much  as  is  the  case  of  plasma  generators.  In  order  to  investigate  the  extent  of  such  flow 
nonuniformities  in  the  thrusters,  three-dimensional  calculations  of  the  flow  and  electrical  fields  are 
needed. 


MHD  THREE  DIMENSIONAL  THRUSTER  MODEL 

A  three-dimensional  MHD  generator  model  incorporating  fully  the  interaction  between  the  flow  and 
the  electrical  fields  inside  the  channel  has  been  developed  at  Argonne  National  Laboratory  (Refs.  8 
&  9)  and  has  been  applied  for  several  open-cycle  MHD  generators.  The  flow  fields  are  represented 
by  the  parabolic  form  of  the  three-dimensional  compressible,  turbulent  Navier-Stokes  equations 
and  their  solution  is  coupled  to  the  solution  of  the  electrical  field  in  the  cross-flow  direction. 

The  equations  solved  in  this  model  consist  of  the  mass  conservation  equation,  the  three  momentum 
equations,  the  equations  for  enthalpy,  turbulence  kinetic  energy  and  dissipation  rate,  the  Maxwell 
and  Ohms  law  equations.  This  set  of  coupled  equations  is  solved  by  the  use  of  a  finite-difference 
calculation  procedure.  The  turbulence  is  represented  by  a  two-equation  model  of  turbulence  in 
which  partial  differential  equations  are  solved  for  the  turbulence  kinetic  energy  and  its  dissipation 
rate.  Full  descriptions  of  the  equations  and  the  method  of  solution  are  given  in  Ref.  (9). 

This  three-dimensional  model  has  been  adapted  for  the  application  of  seawater  propulsion.  A 
continuous  electrode  configuration  has  been  used  in  this  application  where  the  electric  field  Ex  is 

assumed  to  be  zero.  This  assumption  is  reasonable  since  the  Hall  parameter,  p,  for  seawater  is 
negligible.  An  applied  electric  field,  in  terms  of  a  load  factor,  is  specified  as  the  boundary 
condition  for  the  electrode  walls,  while  the  sidewalls  are  assumed  to  be  insulators.  The  electrical 
fields  are  computed  at  each  crossectional  plane  pependicular  to  the  flow.  Locally  the  axial  variation 
of  the  electrical  fields  and  current  densities  are  assumed  to  be  negligible  in  comparison  with  their 
variations  in  the  cross-plane.  This  assumption  may  not  be  accurate  where  there  are  strong 
variations  of  the  magnetic  field,  flow  velocity,  or  where  there  are  abrupt  changes  in  the  boundary 
conditions.  Such  situations  may  exist  near  the  ends  of  the  MHD  thrusters. 
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APPLICATIONS  AND  RESULTS 


Operating  Conditions 

Computations  have  been  performed  using  the  three-dimensional  model  for  MHD  thruster  operating 
in  the  continuous  electrode  mode  with  insulating  sidewalls.  The  general  operating  parameters  for 
the  computational  cases  considered  are  listed  in  Table  II.  The  thruster  is  assumed  10  m  long,  with 
constant  cross  sectional  area  of  1  x  1  m2.  The  magnetic  field  is  assumed  to  be  constant  along  the 
duct.  The  flow  at  the  entrance  of  the  thruster  is  assumed  to  be  that  of  a  plug  flow. 

Table  II 

Operating  Condition  for  the  Illustrated  Examples 


Thruster  geometry: 


•  length 

10 

m  (rectangular) 

•  height  and  width 

1  x  1 

m2 

•  wall  roughness 

2.5 

mm 

Wall  temperature 

300 

K 

Fluid  temperature 

300 

K 

Working  fluid 

Seawater 

•  electrical  conductivity 

4.8 

S/m 

•  mass  density 

1025 

Kg/m3 

•  viscosity 

1.1  10-3 

Kg/(m.s) 

•  specific  heat 

3994 

J/(m.s.°C) 

Flow  velocity 

30 

m/s 

Mass  flow  rate 

30750 

Kg/s 

Magnetic  field 

0-20 

T 

Duct  loading 

continuous  electrode  with 

insulating  sidewalls 

*  average  electric  load  factor 

0 .  ->0 
\J 

•  load  potential 

0-6000 

V 

The  physical  properties  of  seawater  are  documented  in  Ref.  (10)  and  the  values  used  are  fora 
temperature  of  20  °C. 
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Parametric  Study 


A  parametric  study  has  been  performed  by  varying  the  magnedc  field  up  to  20  Tesla  and  theaverage 
electric  load  factor  between  1  and  20.  The  average  electric  load  factor  K  is  defined  as 

K  =  <Ey>  /  <UB> 

where  Ey  is  the  electric  field  across  the  duct  between  the  two  electrode  walls,  U  is  the  axial  flow 
velocity,  and  B  is  the  magnetic  field. 

No  restrictions  have  been  imposed  on  the  flow  conditions  at  the  exit  of  the  thruster.  The 
computations  proceed  to  compute  the  flow  fields  and  the  pressure  increase  along  the  thruster 
regardless  of  the  actual  ambient  pressure.  Practically,  for  steady-state  conditions,  the  flow  velocity 
inside  the  thruster  is  a  floating  parameter  that  will  be  determined  by  the  input  and  boundary 
condtions  of  the  propulsion  system.  The  cruise  velocity  will  be  reached  when  there  is  balance 
between  the  total  thrust  generated  and  the  total  surface  drag  of  the  ship  or  submarine. 
Furthermore,  we  will  concentrate  the  discussion  more  on  cases  of  high  magnetic  fields  (20  T) 
w'here  flow  distortions  are  more  likely  to  occur. 


Effect  of  Load  Factor  on  the  Global  Performance  Parameters 


Figure  1  presents  the  result'  for  the  pressure  gain  along  the  thruster  for  different  load  factors  for 

the  case  of  B  =  20  T.  Also  preser  d  on  Fig.  1  is  a  curve  for  the  accumualted  frictional  losses 
along  the  duct  of  the  thruster.  There  is  a  linear  dependence  of  the  presssure  gain  on  the  axial 

distance  along  the  duct.  Such  linear  dependence  is  expected  since  the  physical  properties  and  the 

average  axialvelocitv  are  constants  along  the  duct  For  simple  MHD  flows  with  no  Hall  effects  ((3 
=  0),  the  pressure  rise  is  given  as 


Ap  =  (JyB)  L  =  a  UB2  (K-l)  L 

This  simple  relationship  indicates  that  the  pressure  gain  varies  linearly  with  the  distance  L,  and 
increases  with  the  bad  factor.  This  does  not  mean  that  MHD  '.’'.rasters  should  operate  at  higher 
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values  of  the  load  factor,  because  this  leads  to  lower  efficiencies. 


Figure  1  Pressure  rise  along  the  thruster.  (B  =  20  T,  U  =  30  m/s) 


Figure  2  demonstrates  the  variation  of  the  electrical  efficiency  with  the  load  factor  for  B  =  20  T. 
Two  curves  are  shown  on  this  figure,  the  top  curve  is  for  the  ideal  electrical  efficiency  and  the 
bottom  curve  is  the  result  of  the  three-dimensional  calculations  of  the  flow  fields.  In  general,  the 
thruster  electrical  efficiency  is  defined  as: 


Tie  = 


ApQ 

VI 


where  Ap  is  the  pressure  rise  in  the  duct,  Q  is  the  volumetric  flowrate,  V  and  I  are  the  applied 
external  voltage  and  currents.  Physically  this  efficiency  represents  the  net  resulting  MHD  push 
power  (after  subtracting  the  frictional  losses)  divided  by  the  input  power. 


For  ideal  situations  where  the  flow  is  treated  as  one-dimensional  with  constant  properties  and 
neglecting  frictional  losses,  one  can  show  that  the  thrust  efficiency  is 


Bideal =  UB/Ey  -  1/K 
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Figure  2  Variation  of  electrical  effuiciency  with  load  factor  (B  =  20  T,  U  =  30  m/s) 


This  simple  relationship  is  shown  in  Fig.  2,  and  it  indicates,  as  expected,  that  the  ideal  efficiency 
is  1009c-  for  a  load  factor  of  1  (open  circuit).  However  in  this  case,  no  thrust  is  being  generated 
If  frictional  losses  are  included  in  the  analysis,  the  thruster  efficiency  decreases  as  shown  in  the 
figure.  However,  since  the  frictional  losses  along  the  duct  are  almost  the  same  for  all  values  of  K 
(as  shown  in  Fig.  1),  the  deviation  of  the  computed  values  of  the  thruster  electrical  efficiency  from 
the  ideal  values  gets  larger  as  the  load  factor  K  decreases.  As  a  matter  of  fact  the  curve  for  the 
computed  efficiency  will  eventually  reach  a  peak  and  then  will  change  its  slope  at  lower  values  of 
K  when  the  net  pressure  gradient  (after  subtracting  the  frictional  losses)  becomes  negative.  This 
situation  takes  place  when  the  MHD  JxB  forces  become  less  than  the  frictional  losses.  This 
argument  suggests  that  a  greater  attention  should  be  given  to  the  calculation  of  the  frictional  losses 
at  lower  values  of  the  load  factor  ,K,  particularly  for  K  between  1  and  2.  Also  one  should  try  to 
minimize  the  frictional  losses  if  higher  efficiencies  are  required.  This  should  be  a  subject  of  further 
study  in  the  future. 

Flow  Fields  and  Friction  Factor 

In  order  to  predict  the  frictional  losses  accurately,  one  has  to  solve  for  the  development  of  the  flow 


173 


fields  inside  the  MHD  thruster.  Figure  3  shows  surface  plots  for  the  axial  velocity  distributions  at 
several  crossections  along  the  duct.  At  first,  one  may  think  that  these  plots  are  typical  for  normal 
turbulent  flow  development  in  a  duct.  Figure  4  illustrates  .however,  that  there  is  a  difference 
between  the  shape  of  the  axial  velocity  profiles  along  the  electrode  and  those  along  the  sidewalls. 
As  shown  in  this  figure,  the  velocities  near  the  insulating  sidewalls  are  relatively  higher  than  those 
near  the  electrode  walls.  Clearly  this  distortion  is  a  result  of  the  MHD  JyB  forces  acting  in  the 
momentum  equations. 


In  order  to  understand  this  behavior  further,  it  is  necessary  to  first  consider  the  development  of  the 
Jy  distribution  between  the  two  insulating  sidewalls.  The  current  distribution  depends  on  several 
factors,  mainly,  the  electrical  connection,  electrical  conductivity  distribution,  and  velocity  field.  In 
the  present  study,  the  thruster  is  connected  in  the  Faraday  mode  with  continuous  electrodes  and 
with  electrically  insulating  sidewalls.  Therefore,  there  is  no  flow  of  current  through  the  sidewalls. 
If  all  properties  and  flow  fields  were  uniform,  Jy  would  be  uniform,  and  a  uniform  accelerating 
force  would  have  been  imposed  on  the  flow.  However,  in  our  case,  the  velocity  field  is  not 
uniform,  while  the  conductivity  is  constant.  For  the  present  application,  where  the  Hall  parameter 
is  zero,  Ohms  law  gives  the  following 


Jy/O  =  (Ey  -  UB) 


Qualitatively,  one  can  argue  that  Ey  (z)  can  be  assumed  constant  for  a  Faraday  connection  with 
continuous  electrodes,  where 


(z)  dy  =  applied  voltage  =  constant 


where  H  is  the  height  of  the  duct  (distance  between  the  electrodes).  Consequently,  Jy  will  be 
higher  in  magnitude  near  the  sidewall  than  at  the  center  of  the  flow  .  Furthermore,  if  the  load  factor 
for  simplicity  is  defined  as  K  =  Ey  /  (Uc/  B),  where  Uc/  is  the  centerline  velocity,  then 


Jy  lz  =  o  /  Jylz  =  W/2  ~  K/(K-1) 
where  W  is  the  duct  width  (distance  between  sidewalls). 
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Hgure  4  Normalized  velocity  profiles  along  thruster  walls 
(B  =  20  T,  U  =  30  m/s,  x  =  10  m) 


The  actual  situation  is  more  complex  however,  because  of  the  corner  regions  and  the 
three-dimensional  effects.  Figure  5  shows  the  distribution  of  the  Jy-  component  of  the  current 

density  (normalized  to  the  centerline  value)  across  the  duct  between  the  insulating  walls  at  x  =  10  m 
and  for  load  factors  K  =  2  and  6.  This  distribution,  along  the  Hartmann  layers  of  the  sidewalls 
results  in  flow  distortion.  The  nonuniform  Jy  distribution  accelerates  the  flow  differentially, 
exerting  a  larger  force  ont  the  sidewall  boundary  layers,  and  leading  to  flatter  boundary  layer 
profiles  in  comparison  to  the  electrode  wall  boundary  layers.  It  seems  logical  to  argue  that,  for 
conservation  of  mass,  as  the  flow  along  the  sidewall  boundary  layers  is  relatively  accelerated,  the 
flow  along  the  electrode  wall  will  be  relatively  decelerated.  Such  a  behavior  is  depicted  in  Fig.  4. 
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Figure  5  Normalized  current  densitv  on  the  sidewall  for  different  load  factors 

(B  =  20  T,  U  =  20  m/s) 


As  a  result  of  such  nonuniformities  in  the  flow  field,  nonuniform  distribution  of  the  skin  friction  is 
expected  along  the  duct  walls.  Figure  6  presents  the  variation  of  the  friction  factor  (Cf )  along  the 
electrode  wall  and  the  sidewall  of  the  thruster.  The  skin  friction  is  higher  on  the  sidewall. 

The  same  mechanism  responsible  for  the  flattening  of  the  boundary  layers  along  the  sidewalls  and 
the  increase  of  the  skin  friction  factor  for  MHD  thruster  is  the  cause  for  the  velocity  overshoots  in 
MHD  plasma  generators,  albeit  for  different  reasons.  In  MHD  generators,  the  boundary  layers  are 
colder,  and  this  leads  to  lower  electrical  conductivity  in  the  near-wall  regions.  This  leads  to  lower 
absolute  values  of  the  current  density  Jy.  However  the  JyB  forces  act  to  retard  the  flow  in  MHD 

generators.  This  results  in  a  larger  retarding  force  in  the  central  region  of  the  flow.  In  a  relative 
sense,  the  sidewall  boundary  layers  are  accelerated  in  relation  to  the  central  region,  and  this  leads  to 
the  known  phenomenon  of  velocity  overshoots.  Such  a  phenomenon  was  discussed  earlier  in 
Ref.  7. 
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Figure  6  Variation  of  friction  factor  along  thruster  walls 


Figure  7  illustrates  the  variation  of  the  normalized  current  density  Jy(z)  at  the  sidewall  with  the  load 

factor  K  at  the  exit  of  the  thruster  for  B  =  20  T.  The  curve  represents  the  previously  given  simple 
relationship,  K  /  (K-l),  whereas  the  points  represents  the  results  of  the  three-dimensional 
calculations. 


Figure  7  Effect  of  load  factor  on  current  density  along  sidewalls  (B  =  20  T,  U  =  30  m/s) 
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Finally,  Figure  8  shows  the  effect  of  the  magnetic  field  on  the  ratio  of  the  skin  friction  between  the 
sidewall  and  the  electrode  wall  at  the  exit  of  the  thruster  (x  =  10  m).  The  difference  in  behavior 
between  the  two  walls,  in  terms  of  the  skin  friction  factor,  increases  as  the  magnetic  field 
increases. 


B  (T) 

Figure  8  Effect  of  magnetic  field  and  load  factor  on  friction  factor  on  thruster  walls 

(U  =  30  m/s,  x  =  10  m) 


SUMMARY  AND  CONCLUSIONS 


1 .  Parametric  studies  were  performed  by  varying  the  load  factor  K,  between  1  and  20,  and  the 
magnetic  field  between  0  and  20  Tesla  in  order  to  investigate  their  effects  on  the  flow 
characteristics  and  thruster  performance.  The  need  to  operate  MHD  thrusters  with  high 
magnetic  fields  has  been  established  by  previous  investigations  and  has  been  discussed  in  the 
paper. 

2.  A  three-dimensional  MHD  computer  model  has  been  developed  and  applied  in  the  parametric 
study  to  investigate  the  concept  of  MHD  seawater  propulsion.  A  constant  area  duct  with 
rectangular  crossection  has  been  adopted  in  the  applications  of  MHD  propulsion.  The  thruster  is 
assumed  to  operate  in  the  Faraday  mode  with  continuous  electrodes  and  insulating  sidewalls  and 
with  an  external  applied  voltage. 
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3 .  As  the  load  factor  increases,  the  resulting  J  x  B  forces  increase,  thus  giving  larger  pressure  rise 
along  the  thruster.  However,  as  the  load  factor  increases,  the  thruster  efficiency  decreases.  A 
balance  between  the  efficiency  and  the  thrust  required  must  be  taken  into  consideration  in  any 
application. 

4.  As  the  load  factor  decreases,  the  thruster  efficiency  increases.  However,  as  the  load  factor 
keeps  decreasing,  a  peak  will  be  reached  in  the  thruster  efficiency  curve,  and  then  the  efficiency 
will  start  to  decrease  rapidly  as  the  MHD  J  x  B  forces  becomes  less  than  the  frictional  losses. 
Therefore,  greater  attention  should  be  given  to  the  calculation  of  the  frictional  losses  at  lower 
values  of  the  load  factor,  K,  particularly  for  K  between  1  and  2. 

5.  The  Hartmann  layers  on  the  insulating  sidewalls  are  shown  to  have  important  effects  on  the 
current  density  and  velocity  distributions  in  the  sidewall  boundary  layers.  The  velocity  profiles 
are  flatter  over  the  sidewalls  in  comparison  to  the  velocity  profiles  over  the  electrode  walls. 

6.  As  a  result  of  the  velocity  nonuniformities,  the  average  skin  friction  factor  is  enhanced  along  the 
sidewalls,  in  comparison  with  the  skin  friction  factor  along  the  electrode  wall .  However  ,  the 
distribution  of  the  average  skin  friction  factor  over  all  walls  along  the  thruster  is  very'  close  to 
the  distribution  predicted  for  non-MHD  flow  through  the  duct. 

7 .  The  difference  in  the  skin  friction  betv.  een  the  sidewalls  and  the  electrode  walls  increases  as  the 
magnetic  field  increases.  Careful  consideration  must  be  given  to  the  computation  of  the 
frictional  losses  along  the  thruster  because  of  their  impact  on  the  MHD  thruster  efficiency. 
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Abstract 

To  analyze  underwater  vehicle  propulsion 
by  applying  Lorentz  forces  to  the  surround¬ 
ing  sea  water.  While  this  propulsion  concept 
involves  two  different  schemes,  i.e.  the  exter¬ 
nal  field  method  and  the  internal  duct-type 
method,  the  current  analysis  focuses  on  the 
internal  thruster  scheme  due  to  the  space  lim¬ 
itations  and  speed  considerations.  The  the¬ 
ories  of  magnetohydrodynamic  (MUD)  pump 
jet  propulsion  are  discussed.  A  so-called  "dual 
control  volume”  analysis  to  model  the  MUD 
thruster,  and  calculations  of  vehicle  velocity 
and  power  efficiency  are  presented  Different 
classes  of  underwater  vehicles  are  considered. 
They  include  smaller  vehicles  such  as  torpe¬ 
does,  remotely  operated  vehicles  (ROY),  un¬ 
derwater  autonomous  vehicles  (VAN’),  up  to 
larger  ones  such  as  submarines.  The  analyt¬ 
ical  results  indicated  that  the  speed  perfor¬ 
mance  increases  proportionally  with  the  sea¬ 
water  conductivity,  and  with  the  square  of  the 
magnetic  field  strength.  At  the  same  time,  the 
energy  efficiencies  of  vehicles  appeared  to  fa¬ 
vor  larger  systems  with  longer  MUD  channel. 

Experimental  investigations  are  also  being 
planned  to  address  important  issues  of  the  sea¬ 
water  MHD  propulsion  technology  in  under¬ 
water  applications. 

Nomenclature 

A„  exit  area  of  the  MHD  channel  (m2). 

Ai„  entrance  area  of  the  MHD 
channel  (m2). 

A)urj  surface  area  of  the  vehicle. 


D  magnetic  field  strength  (Teslas). 

C  nozzle  discharge  coefficient. 

Cd  drag  coefficient  of  vehicle  surface. 

D  electrode  gap  distance  (m). 

Du  equivalent  hydraulic  diameter  (mj. 

E  flow-induced  counter  electric  field 

(volt/m). 

F  velocity-of-approach  factor  of  a  nozzle. 

Ftm  Lorentz  force  (Newtons). 

/  Darcy- Weisbach  friction  factoi  for  pipe 

flows. 

/  current  across  the  electrodes  (Ampb 

L  acti\c  length  of  the  MHD  channel  imj. 

m  mass  flowrate  in  am  MHD  channel 

(kg/s). 

.\ch  number  of  MHD  channels. 

Pe  electrical  power  requited  by  the  MHD 
channel  (watts). 

Pu  mechanical  power  imparted  to  the  sea 
water  in  the  MUD  channel  (watts), 
ambient  piessuie  of  the  vehicle  (Pa  n 
entrance  pressute  an  MHD  channel 
(Pa). 

];tT  exit  piessuie  of  an  MHD  channel  (Pat. 

R  resistance  of  sea  water  in  the  MHD 
channel  (Ohms). 

s  area  ratio  between  the  nozzle  exit  and 
the  channel  entrance  (i4er/A,„). 

T  thrust  of  an  MHD  channel  (Newtons). 

Uir  velocity  of  the  sea  water  exiting 
from  the  nozzle  (m/s). 


+  OXR/DARPA  Workshop  on  MHD  Submarine  Propulsion.  No\  1C  k  17.  1989,  San  Diego.  California. 
*  Nuclear  Engineering  Department. 


184 


U, n  velocity  of  the  sea.  water  in  the  channel 

(m/s). 

V  voltage  across  the  electrodes  (volts). 

V,  velocity  of  the  vehicle  (m/s  or  knots). 
VCh  active  volume  of  sea  water  in  the  MIID 

channel  (m3). 

IV  width  of  the  electrode  (m). 

V  nozzle  expansion  coefficient. 

A pch  pressure  rise  or  drop  across  the 
entire  MUD  channel  (Pa). 

A ps  pressure  drop  across  nozzle  (Pa). 

rit  electric  efficiency. 

i)ind  field  induction  efficiency. 

i)t  total  efficiency. 

a  electric  conductivity  of  sea  water 

(1  /(Ohm  •  »»))• 

p  sea  water  density  (kg/m3). 

1.  Introduction 


Sea  water  conducts  electricity  in  a  mod¬ 
est  scale  by  electrolytic  ion  exchange.  While 
its  conductivity  is  several  orders  of  magnitude 
lower  than  metals,  it  is  significantly  higher 
than  fresh  water.  By  taking  advantage  of 
sea  water's  modest  electric  characteristics,  the 
electromagnetic  propulsion  of  marine  vehicles 
has  been  a  subject  of  technical  speculation  and 
study  for  some  years  (Refs.  1-6).  The  concept 
did  not  appear  to  hold  much  promise  until  the 
advent  of  the  superconducting  magnet.  With 
such  a  magnet,  the  power  requirement  for  ex¬ 
citation  is  virtually  absent,  and  the  weight 
penalty  of  the  magnet  is  drastically  reduced. 
Also,  much  stronger  magnetic  field  than  those 
previously  attainable  can  be  realized.  Never¬ 
theless,  the  only  proof  of  its  technical  possi¬ 
bility  was  carried  out  more  than  twenty  years 
ago  by  S.  Way  et  al.  (Ref.  6)  In  that,  a  vehi¬ 
cle  4-ft  long  and  18-inch  in  diameter  was  pro¬ 
pelled  by  such  an  MIID  propulsion  principle  at 
a  speed  only  about  1  ft/s.  The  magnet  used 
was  a  heavy  electro  magnet,  and  S.  Way  had 
concluded  that  superconducting  magnets  are 
essential  for  the  technology  to  be  practical. 

International  activities  in  this  subject  weie 
also  visible.  The  U.S.S.R.  have  conceived 
its  application  in  laige  icebieakei  propulsion 
(Ref.  7).  More  lecentlv,  Japan  has  de¬ 
veloped  a  strong  program  in  lesearching  the 


electro-magnetic  thrusters  (EMT J  for  her  fu¬ 
ture  freighters  (Refs.  8-10).  With  the  recent 
advances  in  high-Tc  superconductors  and  the 
possible  sim  fiification  in  cryogenics,  it  now  ap¬ 
pears  that  t  lere  is  even  more  technical  possi¬ 
bility  in  realizing  a  sea-water  MHD  propelled 
underwater  vehicle.  Whether  such  a  vessel  will 
be  economically  attractive  or  not  is  a  question 
that  must  await  further  investigation.  How¬ 
ever,  it  is  fair  to  predict  that  in  certain  naval 
applications  where  the  importance  of  acoustic 
signature  of  a  vehicle  is  outweighing  other  con¬ 
siderations,  the  MHD  technology  offers  supe¬ 
rior  quietness  because  of  its  reduced  mechani¬ 
cal  moving  parts. 


In  the  consideration  of  duct-type  internal 
MHD  thrusters,  the  electric  current  and  mag¬ 
netic  field  in  the  sea  water  are  normally  ar¬ 
ranged  to  be  orthogonal  to  each  other  in  the 
channel  to  provide  an  optimal  Lorentz  (j  x  B) 
force.  Sea  water  is  being  pumped  in  a  straight 
active  section  of  the  channel.  Immediately  fol¬ 
lowing  that  the  sea  water  is  pushed  through 
a  smooth  nozzle  that  provides  an  adequate 
momentum  thrust  to  makes  the  vehicle  move. 
The  following  section  of  this  paper  discusses 
the  detail  theoretical  background  of  this  type 
of  MHD  pump  jet  propulsion.  The  vehicle's 
speed  and  efficiency  performances  are  also  dis¬ 
cussed. 


2.  Theoretical  Analyses 

The  general  configurations  of  submerged 
vehicles  with  duct-tvpe  MHD  thrusters  can 
be  shown  in  Figures  1(a)  and  1(b).  The  ba¬ 
sic  pump  jet  propulsion  principles  are  essen¬ 
tially  the  same  in  these  two  schemes.  In  both 
cases,  the  electric  current  and  the  magnetic 
field  are  arranged  to  be  perpendicular  to  each 
other  in  an  active  region  of  the  MHD  chan¬ 
nel.  Sea  water  is  brought  in  from  the  front 
end  of  a  channel.  As  the  Lorentz  forces  are 
applied  to  the  channel,  they  pump  the  sea  wa¬ 
ter  downstream  and  eject  it.  from  the  nozzle 
with  a  higher  speed.  The  difference  in  speed 
between  inlet  and  outlet  of  the  channel  creates 
the  momentum  thrust  that  pushes  the  vehi¬ 
cle  forward.  It  is  worth  noticing  that  rotating 
machinery  such  as  propeller  is  not  requited  in 
such  a  system.  In  general,  the  annular  chan¬ 
nel  thruster  (Fig.  1(a))  provides  a  better  effi¬ 
ciency  because  the  amount  of  friction  surface 
area  per  unit  \olume  of  fluid  in  the  channel  is 
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minimized.  However,  the  scheme  with  sepa¬ 
rate  rectangular  channels  provides  the  ability 
to  steer  and  maneuver  the  vehicle  by  individ¬ 
ually  controlling  the  thrust  of  the  channel. 

2.1  Analysis  of  the  MHD  pump 

A  schematic  of  an  MHD  channel  is  shown 
in  Figure  2,  in  that  a  simple  rectangular 
thruster  is  illustrated.  An  analysis  of  annu¬ 
lar  thruster  like  the  one  shown  in  Fig.  1(a) 
will  be  very  similar.  The  electric  current  is 
supplied  by  the  electrodes  from  the  top  to  the 
bottom,  and  the  magnetic  field  is  pointed  into 
the  p',per  so  as  to  be  perpendicular  to  the  cur¬ 
rent.  The  Lorentz  force  is  directed  to  the  right 
to  push  the  sea  water  through  the  nozzle.  The 
net  current  flowing  across  the  MHD  channel 
between  the  electrodes  is, 


1  = 


V-  ED 
R  ' 


(1) 


where  D  is  the  electrode  gap  distance,  E  is 
the  flow-induced  electric  field  whose  direction 
is  anti-parallel  to  /,  and  R  is  the  electric  re¬ 
sistance  of  sea  water  in  the  channel.  If  the 
width  and  length  of  the  electrodes  are  II*  and 
L  respectively,  then  the  resistance  is. 


R  = 


D 


ff\VL' 


(2) 


where  a  is  the  electric  conductivity  of  sea  wa¬ 
ter  ranging  from  4  to  5  The  first 

order  magnetohydrodynamic  approximations 
are  then  taken  to  assume  only  the  induced 
electric  field  is  significant,  but  not  the  induced 


magnetic  field.  Thus, 


E  =  BUin  , 


(3) 


where  U,n  is  the  velocity  of  sea  water  in  the 
channel.  Defining  the  field  induction  efficiency 
to  be, 

_  ED  _  BUin  D 

Vind  —  y  —  (7  ■  (4) 

and  the  net  current  becomes. 


=  (6) 

Wind 

where  Vci,  is  the  active  volume  of  the  channel. 

The  mechanical  power  imparted  on  the  sea 
water  in  the  channel  is, 


Pu  r,  Ftm Um  =  (7) 

Vind 


The  electrical  power  supplied  to  the  MHD 
channel  is. 


Pe  =  Vl  =  - — — aBVU,JYL .  ($) 

Vind 

and  the  electrical  efficiency  is  defined  as.  from 
Eqs.  (7)  and  (S). 


_  P*  _  BUinD 
,?£  Pc  V 


(9) 


This  is  identical  to  the  field  induction  effi¬ 
ciency.  ijmd.  This,  however,  does  not  mean  one 
can  extract  the  most  mechanical  power  from 
the  MUD  channel  at  rjc  (or  T]md)  being  equal  to 
1.  As  one  can  see  from  Eq.  (8).  P„  approaches 
to  zero  as  ;/{  approaches  to  unity.  From  Eqs. 
(7)  and  (9),  the  expression  for  the  mechani¬ 
cal  power  under  fixed  channel  dimensions  and 
electrical  potential  would  be, 


Pu  =  -  nt)'h<yV-^ ■  (10) 

Pu  can  be  optimized  by  taking  the  derivative 
of  Eq.  (,10)  with  respect  to  ije.  and  determin¬ 
ing  the  value  of  r;„  that  satisfies  a  zero  deriva¬ 
tive.  It  turns  out  that  Pu,  is  optimized  when 
ric  is  equal  to  0.5.  That  also  means  509c  of 
the  electrical  power  will  be  consumed  as  heat 
by  Ohmic  loss.  This  is  a  condition  that  will 
always  have  to  be  taken  into  account  in  the 
thruster  design. 

2.2  Dual-control-volume  analysis 


/  =  1  -  — oBVinWL .  (5) 

Vind 

The  total  Lorentz  force  pushing  the  sea 
water  in  the  channel  is, 

Ftm  =  IDB  =  1  ~  Vind  a B- V DWL 

Vind 


In  the  past,  the  analyses  of  sea  water  MHD 
thrusters  have  been  based  on  Bernoulli’s  equa¬ 
tions  in  modeling  momentum  exchanges  (Refs. 
7  and  11).  These  analytical  approaches  basi¬ 
cally  ignored  the  viscous  dissipation  of  fluid 
in  the  channel,  and  the  pressures  at  the  en¬ 
trance  and  exit  (/>,■„  and  pex)  were  taken  to  be 
the  same  as  the  ambient  pressure.  These,  in 
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reality,  were  not  quite  justified.  In  our  cur¬ 
rent  analytical  models,  two  separate  control 
volumes  are  considered,  to  take  into  accounts 
the  viscous  dissipation  in  the  channel  and  the 
relationship  between  the  thrusts  and  the  per¬ 
formances  of  the  vehicle.  In  doing  so,  the  pres¬ 
sure  conditions  at  the  inlet  and  outlet  of  each 
channel  must  be  computed,  instead  of  being 
assumed.  Similarly  to  rocket  propulsion,  this 
would  make  up  the  pressure  thrust  portion  of 
the  total  thrust. 

The  first  control  volume,  shown  as  dotted 
lines  in  Figure  3.  is  the  sea  water  volume  en¬ 
closed  by  an  individual  MIID  channel.  The 
mass  and  momentum  balances  of  flow  around 
this  control  volume  are  discussed  as  follows. 
Assuming  the  ratio  between  the  nozzle  exit 
area  and  the  MHD  channel  area  is  s.  the  mass 
conservation  yields, 

l’cr  =  —.  (11) 

s 

and  the  momentum  conservation  yields. 

-  l’,n)  =  1BD  - 

Dn  i 

—  ApxAin  -r  (]’mAm  -  ptrAcr).  (12) 

The  second  term  in  the  right  hand  side  (RH.$) 
of  Eq.  (12)  accounts  for  the  friction  loss  in 
the  straight  channel,  and  the  third  term  ac¬ 
counts  for  the  nozzle  loss.  Also  in  Eq.  (12). 
Du  is  the  equivalent  hydraulic  diameter  of  the 
channel,  and  /  is  the  Darcy- Weisbach  friction 
factor  that  is  a  function  of  the  Reynold's  num¬ 
ber  of  the  pipe  flow.  Although  equivalent  di¬ 
ameters  are  used  in  Eq.  (12)  for  non-circular 
channels,  /  has  been  found  to  be  slightly  over¬ 
predicting  the  friction  (Ref.  12).  The  nozzle 
loss  is  proportional  to  the  square  of  the  mass 
flowrate  through  it.  It  can  be  expressed  as 
(Ref.  13), 


where  Y  is  the  expansion  factor  which  is  unity 
for  liquids.  F  is  the  velocity-of-approach  fac¬ 
tor  defined  as  F  =  l/vl  -  s:’.  C  is  the  nozzle 
discharge  coefficient  which  has  a  value  approx¬ 
imately  equal  to  0.9S  for  smooth  nozzle  transi¬ 
tion  at  high  Reynold’s  number.  The  last  term 


in  the  RHS  of  Eq.  (12)  is  the  net  pressure  foice 
from  both  the  inlet  and  outlet  of  a  channel. 

The  thrust  that  is  put  out  by  an  MHD 
channel  can  be  written  as,  from  the  momen¬ 
tum  principles  (Ref.  14), 

T  —  lilft’cr  —  Uin)  +  ( PexAcx  ~  Pin  Am) 

~t~pamb(Ain  ~  -4er).  (14) 

The  first-  term  in  the  RHS  of  Eq.  (14)  is  the 
momentum  thrust,  and  the  combination  of  the 
second  and  third  terms  is  the  pressure  tlnust. 
pamt,  is  the  ambient  pressure  of  the  vehicle,  and 
is  a  depth-dependent  quantity.  FiornEq.  (12). 
Eq.  (14)  can  be  re-written  as, 

T  —  ApchA,n  Pamb(Ain  ~  -4er).  (la) 

where  A pch  is  the  pressure  rise  (or  drop)  across 
the  entrance  and  exit  of  the  MHD  channel.  It 
is  defined  as. 

Apc}.A,n  —  ( Per  ~  Pin)A,n 

=  1DD  -  -  ApsAin.  (16) 

The  relationship  between  the  total  thrust 
of  all  the  MUD  channels  and  the  vehicle  ve¬ 
locity  can  be  obtained  from  ihe  second  con¬ 
trol  volume,  shown  as  dotted  lines  in  Figure 
4.  The  skin  friction  of  a  vehicle  is  propor¬ 
tional  to  the  square  of  its  velocity,  and  must 
be  balanced  by  the  total  thrust  provided  by 
the  MIID  thrusters  at  steady  state.  The  equa¬ 
tion  describing  the  force  balance  in  the  second 
control  volume  is. 

CDA!vrI{\2pY;-)  =  SchT,  (17) 

where  A',/,  is  the  total  numbers  of  MHD  chan¬ 
nels,  Asurj  is  the  total  vehicle  surface  area.  Co 
is  the  drag  coefficient  at  the  vehicle  surface, 
which  is  obtained  from  the  standard  values  of 
International  Towing  Tank  Conference  (ITTC. 
1957).  The  thrust  in  Eq.  (14)  can  also  be  re¬ 
duced  to. 

F  =  Uj(t  c x  t  in)  —  (Ptn  Pamt>)(Am  «4tj) 

JrApc),AtI.  (lfr) 
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and  the  term  (p,„-p«)  can  be  approximated  as 
an  entrance  pressure  defect,  from  the  Bernou¬ 
lli’s  equation, 


Pin-p.m»  =  5P(V;-l&).  (19) 


From  Eqs'.  (IS)  and  (,19),  Eq.  (17)  becomes, 
Cl>.4jUr/(— pi/)  =  A‘efc(>n(lrex  —  t’in) 

-\p(V-  -  V?n)(Ain  -  Att)  +  A PehAtr).  (20) 

2.3  Solution  procedures 

In  the  discussion  of  the  "dual  control  vol¬ 
ume”  analysis  above,  the  pressures  at  the 
entrance  and  exit  of  an  MHD  channel  were 
treated  as  unknowns.  The  relation  between 
them  was  formulated  in  Eq.  (16).  If  the  vehi¬ 
cle  dimensions  and  the  MHD  channel  dimen¬ 
sions  are  given,  the  applied  voltage  that  gives 
the  optimal  electric  efficiency  can  be  deter¬ 
mined  for  given  B  and  Utn  from  Eq.  (4)  by 
letting  7?ln<J  =  0.5.  Then,  A peh  can  be  calculated 
from  Eq.  (16)  for  a  given  s  (nozzle  area  ratio). 
Eq.  (20)  in  turn  becomes  a  quadratic  equa¬ 
tion  of  which  can  be  readily  solved.  How¬ 
ever,  there  exists  only  a  unique  s  for  a  given 
U,„  to  satisfy  the  condition  in  Eq.  (15).  It  is 
also  noted  that  Eq.  (15)  involves  the  ambient 
pressure  of  the  vehicle.  For  a  given  depth,  iter¬ 
ative  procedures  such  as  the  generalized  New¬ 
ton’s  method  or  the  bi-sectional  method  can 
be  applied  for  the  solution  of  s. 

As  a  result,  the  performance  of  a  vehicle 
with  MHD  thrusters  can  be  analyzed  by  plot¬ 
ting  the  vehicle  velocity,  or  the  total  efficiency 
against  the  sea  water  velocity  in  the  channel. 
Here,  the  total  efficiency  is  defined  as, 


Vt 


NchTY, 

Pc 


(21) 


For  each  point  in  a  performance  curve,  theie 
is  a  corresponding  s  to  satisfy  the  conditions 
imposed  by  the  consenalion  laws  in  both  con¬ 
trol  volumes.  This  s  value  directly  influence 
the  nozzle  design. 


3.  Results 


Performance  calculations  were  based  on 
two  classes  of  underwater  vehicles.  The  first 


class  (class  1 )  is  vehicles  with  dimensions  sim¬ 
ilar  to  MK4S  torpedoes.  The  common  diam¬ 
eter  and  length  were  chosen  to  be  0.533  me¬ 
ter  and  6.1  meters,  respectively.  The  second 
class  (class  2)  is  large  submersibles  such  as 
submarines,  with  vessel  diameter  and  length 
being  9.8  meters  and  83  meters,  respectively. 
Four  rectangular  MHD  channels  were  attached 
to  each  vehicle  90  degrees  apart  from  one  an¬ 
other,  and  the  channel  lengths  were  always 
chosen  to  be  two  thirds  of  the  vehicle  lengths. 
For  the  first  class  vehicles,  the  electrode  width 
and  gap  distance  were  0.3  meter  and  0.1  me¬ 
ter.  For  the  second  class  vehicles,  the  electrode 
width  ^nd  gap  distance  were  3  meters  and  1 
meter,  respectively. 

Figure  5  shows  the  dependence  of  class  1 
'•ehicle  velocity  on  the  magnetic  field  strength 
Mid  the  sea  water  conductivity.  It  indicates 
hat  the  vehicle  velocity  increases  proportion¬ 
ally  with  a B-.  The  solid  line  represents  the  ve¬ 
locity  performance  at  realistic  sea  water  con¬ 
dition.1  7  j  achieve  the  torpedo  speed  (50  - 
70  knots;  the  magnetic  field  needs  to  be  as 
large  as  It  to  20  Teslas.  Nevertheless,  it  points 
to  the  possibility  of  low  speed  applications  in 
ROV  or  UAY  with  more  realistic  magnetic 
fields.  By  increasing  the  conductivity  of  sea 
water  in  the  active  volume  of  the  MHD  chan¬ 
nels,  shown  as  dashed  line,  the  velocity  can  be 
increased  linearly.  Similar  curves  can  be  gen¬ 
erated  for  class  2  vehicles.  For  a  reasonable 
submarine  velocity,  one  only  needs  a  magnetic 
field  of  about  5  Teslas.  This  will  be  further 
discussed  next. 


Figures  6  and  7  show  the  velocity  and  ef¬ 
ficiency  performances  of  class  1  vehicles,  vs. 
the  fluid  velocity  in  the  MHD  channel  at  B  = 
20  Teslas.  In  general,  the  vehicle  velocity  in¬ 
creases  with  channel  flow,  as  a  result  of  in¬ 
creasing  MHD  pumping.  As  discussed  in  sec¬ 
tion  2  above,  there  can  exist  two  satisfactory 
solutions  for  V,  at  low  t/,-n  due  to  the  quadratic 
nature  of  Eq.  (20).  One  solution  corresponds 
to  the  case  of  s  =  1,  where  the  MHD  channel 
is  straight  and  without  any  nozzle.  This  solu¬ 
tion,  shown  as  the  upper  curves  in  Figs.  6  and 
7.  often  is  not  valid  because  r?(  becomes  larger 
than  0.5.  This  contradicts  the  imposed  condi¬ 
tion  of  optimal  electric  efficiency,  as  discussed 
in  section  2.1.  The  other  solution  corresponds 
to  a  s  value  less  than  1.  It  suggests  that  the 
existence  of  a  smooth  nozzle  would  create  a 
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higher  UtI  which  in  turn  would  generate  the 
momentum  thrust.  This  is  a  valid  solution 
and  is  shown  as  the  lower  curves  in  the  figures. 
Valid  solution  can  also  exist  for  s  =  1  at  higher 
velocity.  In  this  situation,  the  vehicle  thrust 
is  mainly  from  the  pressure  thrust.  Although 
the  total  efficiency  generally  decrease  with  in¬ 
creasing  Uin ,  for  class  1  vehicles,  there  appears 
to  have  an  optimal  efficiency  near  77,  =  0.375, 
Fig.  7. 

Figures  8  and  9  show  the  velocity  and  ef¬ 
ficiency  performances  of  class  2  vehicles,  i.e. 
submarines.  It  is  noted  that  reasonable  sub¬ 
marine  velocity  can  be  achieved  with  a  mag¬ 
netic  field  about  5  Teslas.  For  a  submarine 
having  a  35  knots  velocity,  the  total  power  ef¬ 
ficiency  is  about  0.355.  This  is  largely  due  to 
the  large  size  of  the  MED  channels.  For  class 
2  vehicles,  even  larger  MED  channels  than  the 
ones  currently  under  consideration  are  possi¬ 
ble.  That  would  result  in  further  increases  in 
vehicle  velocity  and  total  efficiency. 

4.  Discussion 

The  purpose  of  this  study  is  (0  assess  the 
feasibility  of  sea  water  MED  piopulsion  for 
underwater  vehicles.  It  is  commonly  acknowl¬ 
edged  that  magnetic  fields  higher  than  10  Tes¬ 
las  are,  although  achievable,  not  practical  in 
large  scale  engineering  applications.  There¬ 
fore,  for  smaller  vehicles,  the  possible  applica¬ 
tions  of  sea  water  MED  propulsion  are  in  low 
speed  ROM's  and  UAY's,  with  lower  magnetic 
fields.  The  electric  sources  can  be  from  bat¬ 
teries,  fuel  cells,  or  generators  driven  by  the 
long  endurance  version  of  the  stored  chemical 
energy  propulsion  system  (SCEPS)  concept. 
The  high  magnetic  fields  required  by  the  tor¬ 
pedo  applications  seem  to  be  still  somewhat 
out  of  the  reach  of  current  technologies. 

On  the  more  encouraging  side,  a  5  Teslas 
magnetic  field  appears  to  be  adequately  suited 
for  propelling  a  class  2  submarine  with  rea¬ 
sonable  speed  and  efficiency,  as  shown  in  Figs. 
8  and  9.  The  electric  power  will  most  likely 
be  nuclear  driven.  A  class  2  submarine  going 
with  a  speed  of  30  knots  would  need  GO  Mw 
of  electric  power  for  its  MED  channels.  As¬ 
suming  the  Rankin  cycle  efficiency  of  the  nu¬ 
clear  propulsion  plant  is  33%,  the  required  re¬ 
actor  thermal  power  would  be  at  least  200  Mw. 
This,  of  course,  does  not  include  any  other  ser¬ 


vice  power  needed  for  the  vehicle.  Neverthe¬ 
less,  it  is  compatible  in  power  capacity  to  the 
current  nuclear  submarine  technologies  (Ref. 
15).  In  addition,  a  hybrid  submarine  having 
both  the  propeller  screws  and  MED  channels 
may  ofTer  some  strategic  merits  in  underwater 
warfare. 

Superconducting  magnets  are  the  essen¬ 
tial  elements  of  the  sea  water  MED  propul¬ 
sion  technology,  because  they  offer  high  fields 
at  little  electric  consumption.  They  do  need 
some  cryogenic  power  to  maintain  low  temper¬ 
ature.  The  liquid  helium  cooled  superconduct¬ 
ing  magnets  are  somewhat  hard  to  maintain 
due  to  helium  leakage.  The  high-Tc  supercon¬ 
ducting  materials  offer  the  hope  of  more  eco¬ 
nomical  magnets,  with  much  more  cryogenic 
simplicity.  Other  important  issues  associated 
with  sea  water  MED  propulsion  are  mainly  in 
the  electric  conduction  characteristics  of  the 
sea  water.  These  are  to  be  addressed  in  part 
in  our  future  experimental  studies. 

5.  Future  Experimental  Work 

An  expei imental  facility  is  cunently  being 
constructed  to  study  the  current  conducting 
characteristics  of  sea  water.  It  is  a  closed  flow 
loop  that  circulates  the  salt  water  through  a 
test  section,  as  shown  in  Figure  10.  The  salin¬ 
ity  of  the  salt  water  will  be  properly  controlled 
to  simulate  that  of  sea  water.  The  test  sec¬ 
tion  is  a  rectangular  channel  made  of  plexi¬ 
glass  with  two  parallel  electrodes  mounted  on 
opposing  walls.  The  electrodes  are  made  of 
copper  and  plated  with  50  /i-inch  of  platinum 
layer.  The  platinum  is  plated  to  prevent  the 
electrolytic  dissociation  of  the  electrode  mate¬ 
rial,  and  to  provide  a  good  gas  evolution  which 
results  in  good  current  conduction. 

As  the  current  is  being  supplied  to  the 
electrodes,  hedrogen  and  oxygen  micro  bub¬ 
bles  will  be  formed  at  the  cathode  and  anode, 
respectively.  Perhaps  the  most  important  is¬ 
sue  to  be  addressed  is  how  effective  the  cur¬ 
rent  can  be  driven  through  the  "flowing"  salt 
water  without  saturating  the  electrolytic  gas 
formation  process.  Since  the  performance  of  a 
thruster  increases  linearly  with  the  sea  water 
conductivity,  enhancements  of  the  fluid  con¬ 
ductivity  by  seeding  method  or  ionizing  radi¬ 
ations  become  worthwhile. 
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The  electrolytic  micro-bubbles  on  the  elec¬ 
trodes  can  have  significant  impact  on  the  tur¬ 
bulent  fluid  structure  of  the  MHD  flow  in  the 
channel.  Its  influence  on  the  drag  of  an  inter¬ 
nal  channel  flow  also  affect  the  performance  of 
the  thruster.  These  are  the  issues  remained  to 
be  addressed  in  our  future  experiments. 
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Figure  1(a)  Submersible  with  an  Annular 
HKD  Channel. 


I  sure  1(h)  Submersible  with  Rectangular 
MHD  Channels. 
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Figure  3  Control  Volume  #1. 


Asurf  =  total  vehicle  surface  area 


Figure  4  Control  Volume  #2. 
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Magnetic  Field  Strength  (Tesjas) 
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Figure  6  Velocity  of  Class  1  Vehicles  at  B  =  20T 


Figure  7  Total  Efficiency  of  Class  1  Vehicles 
at  B  =  20T . 
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Total  Efficiency 


Figure  8  Velocity  of  Class  2  Vehicles  at  B  =  5T. 
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Figure  9  Total  Effici  ncy  of  Calss  2  Vehicles  at  B 
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The  purpose  of  this  discussion  is  to  introduce  the  David  Taylor  Research  Center 
(DTRC)  and  describe  our  work  in  MHD  propulsion.  It  is  divided  up  into  three  sections; 
the  first  is  an  introduction  to  DTRC,  the  second  is  a  description  of  our  past  and  current 
involvement  in  MHD  propulsion,  and  the  third  is  a  brief  view  of  what  we  see  in  the 
future. 


Introduction  to  the  David  Taylor  Research  Center 

DTRC  is  the  Navy's  principal  research,  development,  test,  and  evaluation  center 
for  naval  vehicles.  The  viewgraph  with  the  rather  poor  picture  of  Admiral  Taylor  lists 
some  of  the  major  areas  of  interest  to  DTRC.  This  is  not  by  any  means  an  exhaustive 
list;  we  work  on  everything  that  goes  into  a  ship  except  weapons  systems  and  nuclear 
reactors. 

DTRC  is  actually  made  up  of  two  geographically  separate  laboratories.  The 
larger  of  the  two  labs  is  in  Carderock,  Maryland,  just  outside  the  Washington  beltway. 
It  employs  about  1600  people,  and  houses  the  Ship  Systems  Integration  Department,  the 
Ship  Hydromechanics  Department,  the  Ship  Electromagnetic  Signatures  Department, 
the  Ship  Structures  Department,  and  the  Ship  Acoustics  Department.  These 
departments'  facilities  include  the  Anechoic  Flow  Facility,  the  Model  Towing  Basin 
Facility,  and  the  Variable  Pressure  Cavitation  Channels. 

The  second  lab  is  located  in  Annapolis,  Maryland  on  the  north  side  of  the  Severn 
river,  across  from  the  U.S.  Naval  Academy.  Approximately  800  people  work  there  in 
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the  Propulsion  and  Auxiliary  Systems  Department  and  the  Ship  Materials  Engineering 
Department.  Also  located  at  the  Annapolis  site  are  the  Deep  Ocean  Pressure  Tanks,  the 
Submarine  Fluid  Dynamics  Facility,  and  the  electric  drive  testcraft  Jupiter  n. 


DTRC  Strengths  Applicable  to  MHD  Propulsion 

DTRC  has  great  experience  in  many  areas  applicable  to  MHD  propulsion.  We 
have  been  a  leader  in  the  field  of  applied  superconductivity  and  cryogenic  systems  and 
in  the  development  of  advanced  electric  drive  for  Navy  vessels  since  the  1960's.  (For 
more  information  on  this  subject,  see  chapter  9  of  the  recently-published  book 
Superconductivity:  The  New  Alchemy,  by  John  Langone.)  Also  listed  on  this  viewgraph 
are  other  areas  of  DTRC  expertise  that  we  feel  will  be  important  in  the  development  of 
MHD  propulsion. 


Current  MHD  Propulsion  Work 

DTRC's  current  efforts  in  MHD  propulsion  fall  into  four  areas.  The  first  two  of 
these  are  paper  studies,  one  sponsored  by  the  Office  of  Naval  Technology  (ONT),  and 
the  other  by  In-house  R&D  funding.  These  studies  are  idealized,  one-dimensional 
analyses  of  MHD  in  seawater,  and  its  suitability  as  propulsion  for  Navy  vessels.  They 
were  also  both  learning  exercises  for  their  respective  authors,  and  their  reports  are 
currently  in  preparation.  Our  third  area  of  MHD  activity  is  the  small-scale  experiments 
at  the  U.S.  Naval  Academy  conducted  by  Visiting  Professor  Kenneth  E.  Tempelmeyer. 
Finally,  DTRC  has  been  providing  technical  and  contractual  support  to  the  Defense 
Advanced  Research  Projects  Agency  (DARPA)  in  their  MHD  submarine  propulsion 
development  program. 


ONT  Submarine  MHD  Propulsion  Assessment 

The  ONT  study  examines  a  simple  duct  of  square-cross-section,  with  intake  and 
exhaust  shrouds  for  flow  conditioning.  The  electric  current,  magnetic  field,  and 
seawater  flow  are  all  considered  to  be  uniform  over  the  active  region.  Electrical  losses 
are  assessed  in  the  active  region,  hydrodynamic  drag  losses  throughout,  flow  separation 
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losses  in  the  exit  diffuser  (or  nozzle),  and  a  propulsive  slipstream  loss  at  the  exit.  The 
load  for  the  propulsor  was  a  typical  nuclear  attack  submarine  operr'ing  at  full  power. 
Three  different  magnetic  field  levels  were  considered,  and  four  different  duct  sizes  (the 
viewgraph  shows  the  active  part  only).  The  study  does  not  specify  a  particular 
arrangement  scheme  for  integrating  the  MHD  propulsor  with  the  submarine,  and  does 
not  modify  the  propulsive  characteristics  of  the  vehicle  for  any  such  installation. 

The  results  show  that  propulsive  efficiency  increases  with  duct  size  and  magnetic 
field  (though  this  may  . » limited  by  end  effects,  which  were  ignored  in  this  study),  and 
decreases  with  ship  speed  (based  on  the  much  higher  thrusts  required  for  higher 
speeds).  These  trends,  along  with  estimates  of  the  accompanying  magnet  weights,  seem 
to  limit  the  propulsive  efficiencies  of  MHD  propulsors  to  levels  significantly  lower  than 
those  of  conventional  propellers.  The  question  at  this  point  is  whether  the  as  yet 
undefined  acoustic  benefits  of  MHD  propulsion  will  be  worth  its  weight  and  efficiency 
penalties. 


IR&D  Submarine  MHD  Propulsive  Efficiency  Study 

This  study,  which  was  performed  by  Dr.  Samuel  Brown  and  Dr.  Neal 
Sondergaard  of  DTRC,  started  with  a  classical  propeller  model,  and  adapted  it  to  apply 
to  an  MHD  propulsor.  As  in  the  ONT  study,  the  seawater  flow,  electric  current,  and 
magnetic  field  were  considered  to  be  uniform  in  the  active  region,  and  end  effects  were 
ignored.  The  results,  as  expected,  showed  that  high  fields,  large  ducts,  and  low  speeds 
were  needed  for  high  efficiency,  and  that,  given  these  parameters,  acceptable 
efficiencies  could  be  achieved  (this  study  did  not  address  magnet  weights). 


USNA  Small-Scale  Experiments 


During  the  past  year,  Dr.  Kenneth  Tempelmeyer  of  Southern  Illinois  University 
has  been  a  Visiting  Professor  at  the  U.S.  Naval  Academy,  and  has  been  working  with 
DTRC  on  MHD  propulsion.  In  addition  to  providing  valuable  technical  guidance  to  us, 
he  has  performed  a  series  of  small-scale  experiments  on  the  electrical  characteristics  of 
seawater.  These  experiments  were  carried-out  in  a  USNA  laboratory,  using  a  small 
water-flow  table  and  synthetic  "Instant  Ocean"  seawater.  DTRC  has  been  providing 
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technical  support  for  these  experiments,  and  will  be  publishing  two  reports  on  their 
results.  Dr.  Tempelmeyer  will  be  discussing  his  work  and  presenting  some  of  the 
results. 


DARPA  Technical  and  Contractual  Support 

DTRC  has  been  providing  support  to  several  areas  of  DARPA' s  MHD  submarine 
propulsion  program.  We  are  the  Technical  and  Contracting  Agent  for  the  DARPA- 
sponsored  study  at  Avco  Research  Laboratory  (which. will  be  described  in  great  detail 
by  Dr.  Daniel  Swallom  of  Avco).  In  addition.  Dr.  Theodore  Farabee,  of  our  Ship 
Acoustics  Department,  has  been  providing  technical  support  in  acoustic  data  acquisition 
and  analysis  to  the  Large-Scale  Experiment  at  Argonne  National  Laboratory  (to  be 
discussed  by  Dr.  Michael  Petrick  of  Argonne). 

Future  MHD  Activity 

In  the  future,  DTRC  intends  to  be  involved  in  MHD  propulsion  in  three  separate 
areas.  Firstly,  our  support  to  the  DARPA  programs,  as  described  above,  are  expected  to 
continue.  Secondly,  we  have  some  small-scale  in-house  experiments  planned.  These 
experiments  will  be  extensions  and  enhancements  to  Dr.  Tempelmeyer's  USNA 
experiments.  They  will  be  focused  on  electrolysis  effects  and  signatures,  and  may 
include  a  magnetic  field.  Finally,  we  will  be  examining  superconducting  magnets  and 
cryogenic  systems  for  MHD  propulsion  under  an  ONT-sponsored  superconductivity 
program. 
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magnets. 

Will  investigate  electrolysis  effects,  electromagnetic 
end  effects,  and  acoustic  and  non-acoustic  signa¬ 
tures. 
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DARPA  REQUIREMENTS 


Presented  by 
LCDR  Richard  Martin 


22  J 


MHD  SUBMARINE  PROPULSION  PROGRAM 


221 A 


LCDR  RICHARD  MARTIN,  MECHANICAL  &  ELECTRICAL  PROGRAM  AREA  MANAGER 


tz> 

2i 

X  © 

Q  ^ 
M 
Z 


w 

5  •• 

Sw 

Wg 

H 

W  2 

®£ 
OH 
H  •<! 


>- 

O 

O 

- 

o 

z 

9C  H 

n  c n 

gp 

H  U 


221B 


ME-0244-1 1/13/89 


221C 


MF.02'16-1 1/13/89 


DARPA  REQUIREMENTS 


LCDR  Richard  Martin 
Program  Manager  for  Mechanical  Systems 
Naval  Technology  Office 
Defense  Advanced  Research  Projects  Agency 


The  items  listed  in  the  following  tauic  are  of  interest  to  DARPA.  They  are  sug¬ 
gested  for  use  in  research  programs  proposed  and  conducted  in  magnetohydro¬ 
dynamic  submarine  propulsion. 
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Electrical  Characteristics  of  a  Seawater  MHD  Thruster 


by 

Kenneth  E.  Tempelmeyer 

Secretary  of  the  Navy  Fellow:  U.S.  Naval  Academy 

and 

College  of  Engineering:  Southern  Illinois  University 


November  1989 


ABSTRACT 

There  is  renewed  interest  in  the  application  of  the  MHD 
propulsion  concept  to  surface  ships  and  submarines.  However,  there 
is  almost  no  experimental  information  concerning  the  major 
physical  processes  which  will  occur  in  a  seawater  MHD  propulsion 
unit,  such  as  (1)  the  seawater  electrolysis  process  at  operational 
conditions  needed  for  ship  propulsion,  (2)  the  effects  of  bubble 
formation  on  the  performance  of  a  seawater  thruster  and  (3)  the 
effectiveness  of  the  MHD  interaction  in  seawater.  Small  scale  tests  of 
an  MHD  type  channel  but  without  an  applied  magnetic  field  have 
been  carried  out  to  provide  information  about  the  first  two  of  these 
areas  (1)  seawater  electrolysis  and  (2)  the  effect  the  H2  bubbles 
generated  during  the  electrolysis  of  seawater.  Current/voltage 
characteristics  were  obtained  with  different  electrode  materials  for 
current  densities  up  to  0.3  amp/cm2.  The  effect  of  bubble  formation 
on  the  channel  current  has  been  assessed  over  a  range  of  operating 
conditions.  Long-duration  tests  to  100  hrs.  have  been  made  to  provide 
information  on  electrode  durability  and  long-term  operational 
problems. 


226 


INTRODUCTION 


The  acceleration  of  electrically  conducting  fluids  by  crossed  electric  and 
magnetic  fields  (i.e.  electromagnetic  pumps)  has  been  proposed  and  investigated 
for  many  years.  Commercially  available  liquid-metal  pumps  successfully  utilize 
this  concept  but  it  has  had  limited  success  in  other  applications. 

Because  seawater  is  an  electrical  conductor,  the  application  of  this  concept 
for  ship  propulsion  (i.e.  magnetohydrodynamic  (MHD)  propulsion)  has  been 
repeatedly  suggested  over  the  past  three  decades,  (see  ref6. 1  through  5  for 
example).  In  1968,  Way®  constructed  and  operated  a  model  of  an  MHD  powered 
vessel  which  was  probably  the  first  demonstration  of  MHD  propulsion  for  ships. 
More  recently  there  have  been  several  publications  as  well  as  news  media 
accounts  of  MHD  ship  propulsion  research  in  Japan.  This  activity  is  centered  at 
and  funded  by  the  Japan  Foundation  for  Shipbuilding  Advancement  (JAFSA). 
(See,  for  example,  publications  by  Tada,  et  al7  and  Motora8.)  The  Japanese  effort 
has  also  resulted  in  the  operation  of  a  successful  prototype  which  is  reported  to 
have  two  MHD  thrusters  each  producing  a  Lorentz  force  of  8000  newtons  with  a  4 
tesla  superconducting  magnet  installed  in  a  vessel  having  a  displacement  of 
about  150  tons.9 

With  the  advent  of  superconducting  magnets,  which  can  produce  fields  of  6 
to  10  tesla,  the  application  of  MHD  thrusters  for  seawater  becomes  more  feasible. 
As  a  result,  there  is  an  increasing  interest  in  this  propulsion  concept  at  several 
naval  labs  and  at  the  Defense  Advanced  Research  Project  Agency  (DARPA).  The 
interest  in  this  ship  propulsion  concept  is  stimulated  by  the  potentially  quieter 
operation  of  an  MHD  thruster  as  compared  to  a  conventional  methods  of  providing 
mechanical  power  to  shafts  and  propellers. 


The  David  Taylor  Research  Center  (DTRC)  has  been  analytically  studying 
the  application  of  MHD  thrusters  for  submarine  propulsion  over  the  past  several 
months.  To  support  this  activity,  an  experimental  test  program  of  the  electrical 
characteristics  of  an  MHD  thruster  has  been  started  at  the  U.S.  Naval  Academy 
in  cooperation  with  DTRC  using  two  conventional  water  tables  in  the  Mechanical 
Engineering  Fluids  Mechanics  Laboratory.  The  purposes  of  these  tests  were  to: 

(1 )  determine  the  current-voltage  characteristics  of  an  MHD  channel  flowing 
seawater  (without  an  applied  magnetic  field);  (2)  determine  the  electrical 
conductivity  of  simulated  seawater  and  the  electrode  voltage  drops;  (3)  investigate 
different  types  of  electrode  materials;  (4)  observe  the  dynamics  of  bubble 
formation,  hydrogen  on  the  cathode,  and  chlorine  on  the  anode  at  various 
operating  conditions,  and;  (5)  make  measurements  of  bubble  noise  downstream  of 
the  channel. 

This  report  summarizes  the  electrical  characteristics  of  a  seawater  MHD 
thruster  configuration  but  without  the  applied  magnetic  field  and  (2)  provides 
some  comments  on  the  suitability  of  some  different  electrode  materials.  A  second 
DTRC  report10  provides  information  concerning  bubble  formation,  bubble 
dynamics  and  the  noise  potential  of  a  seawater  MHD  propulsion  unit. 

BACKGROUND 

Ohms  Law  for  an  MHD  thruster  may  be  written  as: 

J  =  o  (Eapp  +  VxB)  (1) 

where  E8pp  represents  the  applied  electric  field  provided  by  an  external  d-c  power 

— *  o» 

supply  and  VxB  is  the  electric  field  induced  by  the  motion  of  the  conductor 
through  the  magnetic  field.  There  was  no  applied  magnetic  field  for  the  tests 
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described  here  (B  =  0).  As  a  result,  the  measured  current-voltage  characteristics 
for  a  constant-area  rectangular  channel  are  related  by: 


_ l _ Vapp 

(LXW)  "  °  d  U) 

where  L  and  W  are  the  length  and  width  of  the  electrodes  in  contact  with  the  salt 
water  and  d  is  the  electrode  spacing.  The  experimental  current-voltage 
characteristics  presented  here  are  representative  of  what  will  occur  in  a  seawater 
MHD  thruster  when  E  is  interpreted  as  the  sum  of  the  applied  and  induced 
electric  fields  in  an  MHD  unit. 


As  a  voltage  is  applied  across  the  electrodes,  current  begins  to  flow 
resulting  in  electrolysis  of  the  salt  water.  While  there  has  been  no  attempt  in  this 
investigation  to  study  the  electrochemical  reactions  in  the  electrolysis  process, 
some  background  may  aid  in  understanding  the  performance  of  various  electrode 
materials  and  other  phenomena  that  occur. 

If  the  electrodes  are  inert,  electrolysis  of  an  aqueous  solution  NaCl  results 
in  the  generation  of  chlorine  gas  at  the  anode  and  hydrogen  gas  at  the  cathode  by 
the  reactions. 

Anode  2C1'  -4  Cl2  +  2e'  (3) 

Cathode  2e*  +  2H20  -4  H2  +  20H*  (4) 

A  surplus  of  electrons  at  the  cathode  creates  conditions  for  chemical 
reduction  in  that  region  and  the  deficit  of  electrons  at  the  anode  results  in  the 
conditions  for  oxidation.  However,  if  the  anode  material  is  oxidized,  there  will  be 
material  loss  through  reactions  such  as: 


A1  ->  Al+++  +  3e 
Cu  -4  Cu+++2e 
Fe  -4  Fe+++2e 


(5) 

(6) 
(7) 


t 


resulting  in  the  formation  of  oxides  of  the  anode  material  as  the  reacting  anode 
material  contributes  metal  ions  to  the  solution.  Thus,  the  principle  results  of 
passing  an  electric  current  through  seawater  are  the  production  of  H2  at  the 

cathode  and  the  oxidation  of  reacting  metalB  at  the  anode. 

More  complicated  electrode  reactions  can  also  occur  depending  upon  the 
electrode  materials  used  and  the  level  of  current.  Bennett"  states  that  chlorine 
generated  at  the  anode  will  very  quickly  be  hydrolyzed  and  H2  generated  by  the 

reactions: 


2C1  — >  CI2  +  2e 

(8) 

Cl2  +  H20<=>HC10  +  Cr  +  H+ 

(9) 

HClOo  CIO'  +  H+ 

(10) 

2H+  +  2e  -*  H2 

(ID 

Hypochloride,  a  disinfectant,  is  produced  in  this  process  which  increases  the  pH 
of  the  solution. 

At  certain  voltage  levels  O2  generation  at  the  anode  may  be  favored  over  the 

production  of  chlorine  through  the  reaction, 

2H2O  — *  O2  +  4H*  +  4e  (1 2) 

This  apparently  occurs  at  very  low  current  densities  (j  <  1  mA/cm2)  and  is 
probably  not  important  for  the  conditions  of  these  tests. 

The  amount  of  hydrogen  gas  produced  at  the  cathode  is  simple  to  calculate 
since  one  hydrogen  atom  is  produced  for  every  electron.  The  measurement  of  the 
electrolysis  current  was  employed  as  an  early  means  of  determining  Avogadro’s 
Number.  One  Faraday  of  charge,  F,  (96,487  combombs)  will  produce  one  mole  or 
1.008  gms  of  hydrogen.  Thus,  a  current  of  10  amps  will  result  in  1.0443  x  10*4  gm 
of  H/sec.  As  a  result,  it  can  be  shown  that  the  volumetric  production  of  H2  is: 

V  =  (f)x(-|r)  (13) 
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if  H2  is  treated  as  a  perfect  gas.  For  typical  run  conditions  of  these  tests,  T  * 

300°K,  p  *  latm  and  at  a  current  of  I  *  10  amp, 

V  ~  1 .28  x  10-3  liters  of  Hjj/sec  (14) 

were  produced.  This  represents  the  maximum  H2  gas  generation  rate  for  these 

tests. 

Additional  chemical  reactions  also  occur  in  the  high  pH  region  near  the 
cathode.  Magnesium  and  calcium  salts  which  are  present  in  seawater  are 
hydrolyzed  to  form  calcium  and/or  magnesium  hydroxide.  These  oxides  exist  as 
a  white  gelatinous  or  colloidal  material,  and  the  reactions  are  more  predominate 
with  certain  types  of  electrodes  where  the  gelatinous  products  begin  to  adhere  to 
surfaces  in  regions  of  low  velocity.  Ca(OH)2  and  Mg(OH)2  form  routinely  in 

seawater  electrolysis  cells  and  are  periodically  removed  by  reversing  the  current.1* 
The  formation  of  these  materials,  however,  may  cause  additional  problems  in 
seawater  MHD  thrusters. 

Some  additional  information  concerning  seawater  electrolysis  is  available 
in  references  13  to  15. 


TEST  EQUIPMENT 

WATER  TABLE  FACILITY 

Tests  were  carried  out  using  two  water  tables  which  produce  a  sheet  of 
water  having  a  specified  depth.  Wall  guides  were  introduced  to  simulate  a  two- 
dimensional  flow  channel  consisting  of  an  intake  nozzle,  a  constant  area  MHD 
channel  (without  B-field),  and  an  exit  diffuser,  see  Fig.  1 .  The  channel 
dimensions  were  adjustable  to  accommodate  investigation  of  different  channel 
configurations  and  sizes.  Two  basic  channel  configurations  were  used: 
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1 .  Open-Top  Channel  -  In  this  configuration  the  electrodes  made  up  the 
sidewalls  of  the  channel  as  shown  in  Fig.  1.  The  bottom  wall  or  floor  was  made  of 
an  insulating  material  and  there  was  a  free,  water  surface  at  the  top.  Figure  2a 
is  a  photograph  of  this  configuration. 

2.  Closed  Channel  -  When  this  configuration  was  used,  the  bottom  surface 
of  the  channel  served  as  the  cathode;  the  top  surface  as  the  anode;  the  sidewalls 
were  made  from  non-conducting  materials.  This  channel  was  fully  submerged 
in  the  water  flow.  A  photograph  of  the  closed  channel  may  be  seen  in  Fig  2b. 


ELECTRODE  MATERIALS 

Several  electrode  materials  were  investigated  as  summarized  in  the  table 


below: 


Table  1  -  Electrode  Materials  Tested 


Open-Top  Channel 


Fair  Number 

1 

2 

3 

4 

5 

Closed  Channel 


Anode 

Aluminum 

Copper 

Incoloy  800 

Titanium  Substrate 

Rare-Earth  Oxide  Coating* 

Titanium  Substrate 

Rare-Earth  Oxide  Coating* 


Cathode 

Aluminum 

Copper 

Incoloy  800 

Titanium  Substrate 

Rare-Earth  Oxide  Coating1 

Hastelloy  C 


6  Aluminum  Aluminum 

7  Copper  Copper 

♦Manufactured  and  provided  by  Eltech  Corp.  Tbo  oxide  coating  is  believed  to  be 
ruthenium  dioxide. 


The  width  or  height  of  the  electrodes  (W)  varied  from  about  2  to  5  cm  and  the 
channel  and  electrode  length  (L)  varied  from  about  12  to  20.5  cm.  The  electrode 
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spacing  (i.e.  the  width  of  the  channel)  (d)  was  also  varied  but  for  most  tests  the 
spacing  between  electrodes  was  about  5  cm. 

Long-duration  (50  hr  or  100  hr)  tests  were  made  for  Electrode  Pairs  4  and  5. 

POWER  SUPPLY  AND  INSTRUMENTATION 

The  electrodes  were  connected  to  a  D.C.  power  supply.  Applied  voltages 
ranged  from  0  to  30  volts;  the  corresponding  current  varied  from  0  to  about  12 
amps.  The  electrode  surface  area  could  be  varied  by  changing  the  depth  of  the 
water  in  the  open  channel  and/or  changing  the  length  of  the  electrodes  in  the 
closed  channels.  Current/voltage  measurements  were  made  for  each  of  the 
electrode  pairs  by  applying  various  voltages  up  to  the  value  which  produced  a 
current  density  of  0.2  to  0.3  amp/cm2.  Approximate  calculation  of  the  electrical 
characteristics  of  an  MHD  submarine  thruster  suggest  that  this  level  would  be 
the  upper  limit  of  current  density  which  would  be  of  interest  in  a  submarine  MHD 
thruster. 

Currents  and  voltages  were  measured  with  Fluke  meters.  The 
repeatability  of  the  electrical  measurements  was  well  within  2%. 

Approximate  values  of  the  flow  velocity  were  obtained  from  (1 )  a  water  flow 
meter  in  the  water  table  and  (2)  by  timing  the  passage  of  a  small  floating  object  in 
the  MHD  channel.  Test  velocities  varied  from  0  up  to  about  90  cm/sec.  The 
accuracy  of  the  flow  velocity  measurement  was  no  better  than  about  ±10%  of  the 
values  6tated.  Throughout  these  tests  however  there  was  no  indication  that  the 
flow  velocity  had  an  important  effect  upon  the  measured  current  and  voltage 
characteristics  other  than  a  small  effect  on  the  "starting  voltage"  which  is 
discussed  later. 
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Specific  gravity  of  the  simulated  seawater  was  measured  periodically  with 
a  calibrated  hydrometer  set  and  the  pH  of  the  water  was  regularly  monitored  with 
a  pH  cell  and  meter. 
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RESULTS  AND  DISCUSSION 


SIMULATION  OF  SEAWATER 

ELECTRICAL  GQWllGWm 

The  water  tables  were  drained  and  filled  with  fresh  tap  water  having  a 
specific  gravity  of  1.000.  Various  potentials  were  applied  across  the  electrodes 
with  the  fresh  water  flowing  through  the  channel  at  a  velocity  of  about  20  cm/sec. 
The  current  varied  linearly  with  voltage  .  From  the  applied  voltages  and  current 
measurements  the  fresh  water  was  found  to  have  an  electrical  conductivity  of  cr  = 
0.0306  mho/meter. 

Salts  (in  the  form  of  the  commercial  product  named  "Instant  Ocean")  were 
then  added  to  the  water  in  several  steps.  At  each  step  the  (1)  specific  gravity  and 
(2)  currents  at  various  voltages  were  measured.  As  will  be  observed  in  subsequent 
figures,  the  current  varied  linearly  with  voltage  for  the  salt  water  over  the  current 
range  provided  by  the  power  supply.  Figure  3  summarizes  the  measured 
electrical  conductivity  of  the  simulated  seawater  as  a  function  of  its  specific 
gravity.  At  a  specific  gravity  of  1.024,  a  typical  value  for  seawater,  the  electrical 
conductivity  was  found  to  be  4.5  mho/m  which  is  also  consistent  with  typical 
published  values  for  seawater.  Moreover,  the  electrical  conductivity  of  the 
simulated  seawater  varied  linearly  with  the  specific  gravity  of  the  water  up  to 
specific  gravities  corresponding  to  ocean  water. 

For  experimental  purposes  it  may  be  desirable  to  increase  the  electrical 
conductivity  of  the  water  well  beyond  that  of  seawater.  One  test  was  performed  on 
a  solution  containing  twice  the  amount  of  Instant  Ocean  needed  to  achieve  an 
electrical  conductivity  of  4.5  mho/m.  All  of  the  salts  were  soluable  and  the 
resulting  conductivity  was  slightly  above  1 0  mho/m  with  a  specific  gravity  of  1 .05. 
This  data  point  is  also  shown  in  Fig.  3.  While  nc  attempts  were  made  to  produce 
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higher  conductivities,  it  is  possible  to  do  so  by  the  addition  of  larger  amounts  of  an 
appropriate  salt  compound.  The  specific  gravity  and  electrical  conductivity  of  the 
test  medium  were  maintained  near  1.024  and  4.5  mho/m  respectively  throughout 
the  tests  reported  here. 

SCALING  COMPOUNDS 

As  will  be  discussed  later,  longer  duration  testing  of  the  electrodes  resulted 
in  the  formation  of  a  gelatinous  material  on  the  cathode  side  of  the  channel.  This 
material  which  was  principally  Mg(OH)2  adhered  to  some  of  the  cathode 

materials  and  to  wall  surface  discontinuities  end  corners.  Whether  or  not  this 
material  will  be  formed  in  an  MHD  thruster  operating  on  seawater  is  not  known. 
However,  these  tests  indicate  that  it  will  form  in  facilities  simulating  seawater 
with  Instant  Ocean.  It  can  provide  some  obstruction  to  the  flow  and  reduce 
somewhat  the  effective  electrode  surface  area.  These  effects  are  discussed  later. 


CURRENT/  V OLTAGE  CHARACTERISTICS 

The  current-voltage  characteristics  of  several  types  of  electrodes  were 
obtained  for  the  channel  geometries  and  test  conditions  summarized  below: 

(a)  Channel  Length,  L  12.7  to  20.5  cm 

(b)  Channel  Width  (Electrode  Spacing),  d  5  to  10  cm 

(c)  Electrode  Width,  W  2  to  5  cm 

(d)  Plow  Velocity,  V  0  to  90  cm/sec 

(e)  Electrical  Conductivity,  o  4.1  to  4.5  mho/m 

These  data  are  given  in  Figs.  4  through  9  in  terms  of  applied  electric  field 
(E)  and  current  density  (j)  in  order  to  generalize  the  variation  of  channel 
geometry.  Data  were  obtained  for  current  densities  up  to  0.2  to  0.3  amp/cm2 
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which  will  probably  be  the  upper  level  of  current  density  of  interest  in  seawater 
MHD  thrusters. 

OPEN  TOP  CHANNEL  CONFIGURATION 

The  electrical  characteristics  of  five  open-top  channels  with  different 
electrode  materials  are  given  in  Figs.  4  through  8.  In  all  of  these  tests  the 
electrodes  served  as  the  vertical  sidewalls. 

It  was  anticipated  that  the  H2  generation  at  the  cathode  might  create  a  gas 

sheath  over  the  electrode  and  produce  a  non-linear  variation  of  current  density 
with  increasing  electric  field.  Inspection  of  the  Fig.  4  to  Fig.  8  data  however, 
illustrates  that  this  does  not  occur.  Small  H2  bubbles  formed  uniformly  over  the 

cathode  surface.  They  rise  due  to  their  buoyancy,  but  remain  in  the  electrode 
sidewall  boundary  layer  until  they  reach  the  free  surface.  As  they  rise  they  are 
also  convected  downstream  by  the  boundary-layer  flow,  but  more  slowly  than 
would  be  expected.  As  the  current  increased  the  gas  generation  rate  increases, 
(see  Eq.  13,)  but  the  bubbles  continue  to  move  away  from  the  electrode  surface  such 
that  voltage  drop  at  the  wall  is  not  significantly  effected. 

Comparison  of  Figs.  4  through  8  illustrates  that  the  electrical 
characteristics  of  all  of  the  electrode  materials  tested  are  quite  similar  (with  the 
exception  of  copper  electrodes  which  formed  oxide  films,  Fig.  6b.  The  copper  oxide 
films  severely  limit  the  current.  All  electrode  materials  exhibit  linear  variations 
of  current  density  with  applied  electric  field.  As  might  be  expected  each  material 
had  a  somewhat  different  initiation  voltage,  Vj,  (i.e.  the  voltage  or  electric  field 

which  must  be  applied  before  appreciable  current  will  flow).  The  initiation 
voltage  and  "zero-7' urrent"  electric  field  for  each  electrode  pair  tested  are 
summarized  below: 
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Table  2  -  Approximate  Electrode  Voltage  Drops 


Anode 

Cathode 

Initiation 
Voltage,  volts 

Zero  Current 
Electric  Field,  volt&'cm 

Aluminum 

Aluminum 

1.5 

0.3 

Incoloy  800 

Incoloy  800 

1.1 

0.2 

Copper 

Copper 

1.5 

0.3 

Eltech 

Eltech 

2.1 

0.4 

Eltech 

Hastelloy  C 

1.9 

0.45 

The  Eltech  metal-oxide  coated  electrodes  exhibited  the  highest  Vj  of  the 
electrodes  tested  but  there  were  no  large  differences  between  any  of  the  electrodes. 
The  values  measured  are  consistent  with  the  voltage  drops  measured  in  water 
electrolysis  cells16. 

The  flow  velocity  of  the  water  through  the  channel  was  varied  from  about  6 
to  almost  90  cm/sec.  In  addition,  some  current/voltage  data  were  obtained  under 
static  conditions.  Comparison  of  Figs.  4  through  8  illustrate  that  for  the  range 
covered  in  these  tests,  changing  the  flow-velocity  did  not  alter  the  electrical 
characteristics  in  any  significant  way.  Comparison  of  Fig.  5  with  the  data  in 
Figs.  7  and  8  (see  circle  symbols  in  Figs.  7  and  8  corresponding  to  the  start  of  the 
test  series)  illustrates  that  the  E  vs  j  data  for  velocities  of  0,  20, 47  and  77  cm/sec 
are  almost  coincident  when  the  differences  of  initiation  voltage,  Vj,  are  taken  into 

account. 

Data  given  in  Figs.  4,  5,  6a,  7,  and  8  for  an  open  channel  configuration 
having  a  free  water  surface,  characterize  the  maximum  current  densities  which 
may  be  expected  in  a  seawater  MHD  propulsion  unit,  if  the  electric  field  shown  by 
the  figure  is  taken  as  the  sum  of  the  applied  electrical  field  and  the  induced 
electric  field  (VxB)  in  an  MHD  duct.  Electrolysis  effects  however,  can  reduce  the 
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curent  flow.  (1)  Trapped  H2  bubbles  and  gas  in  a  closed  channel,  (2)  oxidation 
products  on  the  anode  and  (3)  the  products  of  other  chemical  reactions  on  the 
cathode  will  reduce  the  current  density  at  a  given  value  of  the  electric  field  from 
the  values  shown  in  these  Figures.  The  causes  of  reduced  current  are  discussed 
in  subsequent  sections. 

CLOSED  CHANNEL  CONFIGURATION 

Two  constant-area  closed  channels  which  were  fully  submerged  in 
the  water  flow  were  also  investigated  (see  Fig  2(b).  For  both  channels  the  bottom 
wall  was  the  cathode,  the  top  wall  the  anode  and  the  sidewalls  (i.e.,  the  B-walls) 
were  made  of  electrically  insulating  material.  Copper  electrodes  were  tested  first 
and  then  abandoned  because  copper  oxide  films  which  formed  on  the  anode  very 
quickly  limited  the  current  (see  Fig.  6(b).  As  a  result,  most  of  the  closed  channel 
data  were  obtained  with  channels  having  aluminium  electrodes.  The  closed 
channel  dimensions  and  test  condition  were: 

Table  3  -  Closed  Channel  Geometries 


Channel 

Electrode 
Spacing 
cm  . 

Electrode 

Height 

cm _ 

Electrode 
Length 
cm— _ 

Flow 

Velocity 

cm/sec 

(a) 

3.7 

2.6 

20.4 

18  to  90 

(b) 

3.7 

3.4 

13.8 

26  to  70 

The  channel  flow  was  discharged  into  a  diffuser  with  diverging  sidewalls. 
For  Channel  (a)  the  top  and  bottom  walls  of  the  diffuser  were  parallel  and 
horizontal.  In  later  tests  with  Channel  (b)  the  top  diffuser  wall  was  also  diverged 
2o. 
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The  variation  of  current  density  with  electric  field  for  the  two  closed 
channels  is  given  in  Fig.  9  when  the  channel  flow  velocities  were  70  and  90 
cm/sec.  As  occurred  with  the  open-top  channel  the  current  density  varied 
linearly  with  increasing  electric  field  in  the  closed  channel  at  these  flow 
velocities.  Comparison  of  the  electrical  characteristics  of  closed  channels  with 
aluminium  electrodes  (Fig.  9)  to  the  electrical  characteristics  of  the  open-top 
channel  with  aluminum  electrodes  (Fig.  4)  indicates  that  the  closed  channel  had 
about  the  same  initiation  voltage  (Vi)  as  measured  for  the  closed  channels,  but  at 
a  given  electric  field  the  current  densities  in  the  completely  closed  channels  were 

t 

about  10%  to  15%  lower  than  measured  in  the  open-top  channel.  The  specific 
gravity  and  electrical  conductivity  of  the  simulated  seawater  were  essentially  the 
same  for  these  two  tests.  This  current  decrease  appears  to  be  associated  with  the 
H2  generation  in  the  electrolysis  process  and  represents  a  loss  of  performance  in 

an  MHD  seawater  thruster  operating  at  these  velocities.  The  cause  of  this  current 
decrease  is  discussed  fully  in  the  section  describing  the  observed  bubble  dynamics. 


CLOSED  CHANNEL  TESTS  WITH  LOWER  FLOW  VELOCITIES 


Channel  (a)  with  a  Horizontal  Diffuser  Tod  Wall 


The  current  changed  drastically  when  the  water  flow  velocity  was 
decreased.  Figure  10  summarizes  the  time  variation  of  the  electrode  current  at 
two  lower  velocities  (1 8  cm/sec  and  34  cm/sec)  for  Channel  (a)  with  a  horizontal 
diffuser  top  wall.  With  the  configuration  of  a  horizontal  diffuser  top  wall  gas 
bubbles  which  are  swept  out  of  the  channel  rise  to  the  top  diffuser  and  become 
trapped  against  the  top  wall.  Surface  tension  forces  impede  their  movement 
downstream.  As  a  result,  large  gas  pockets  were  formed  on  the  upper  wall  which 
grew  back  upstream  into  the  MHD  channel.  The  consequence  is  that  the  trapped 
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gas  begins  to  cover  part  of  the  anode  surface  and  causes  the  current  to  decrease. 
The  gas  pockets  however'  do  move  slowly  downstream  and  periodically  escape 
from  the  diffuser  exit.  Thus,  the  channel-diffuser  combination  discharges  H2  ga’s 

pockets  in  a  regular  periodic  fashion.  When  this  occurs  and  a  large  pocket  of  gas 
escapes  the  current  rises  again  to  its  initial  value.  Whereupon  the  current  begins 
to  again  decrease  as  new  gas  pockets  form. 

As  shown  in  Pig.  10,  the  period  between  H2  gas  discharges  is  quite  regular. 

The  period  depends  upon  level  of  the  applied  voltage  and  the  flow  velocity. 
Increasing  the  applied  voltage  increases  the  current  flow  and  gas  generation  rate 
(see  Eq.  13).  This  in  turn  decreases  the  period  of  the  discharge  (see  Fig.  10b). 
Increasing  the  flow  velocity  at  constant  applied  voltage  more  rapidly  convects  the 
gas  bubbles  downstream  so  that  the  gas  pockets  build  more  slowly  which 
increases  the  period  (compare  Fig.  10a  with  the  middle  curve  in  Fig.  10b)  A 
horizontal  top  wall  diffuser  in  a  seawater  MHD  thruster  is  clearly  undesirable 
since  it  would  result  in  a  low  frequency  "fluctuation"  of  the  thrust  at  low 
operational  velocities.  At  channel  velocities  of  70  cm/sec  and  above  current 
oscillations  as  shown  in  Fig.  10  did  not  occur.  Moreover,  they  also  may  be 
eliminated  by  diverging  the  diffuser  top  wall  as  described  below. 

Channel  (b)  with  a  Diverging  Diffuser  Tod  Wall 

Channel  (b)  had  the  diffuser  top  wall  diverged  2°  (i.e.  slanted  upward). 

With  this  configuration  the  large  gas  pockets  described  above  did  not  form  along 
the  diffuser  top  wall.  Some  H2  gas  bubbles  coalesce  forming  larger  bubbles  but 

they  move  along  the  wall  with  sufficient  velocity  to  prevent  accumulation  of  large 
amounts  of  gas  in  the  diffuser  as  occurred  with  a  horizontal  top  wall. 
Consequently,  the  periodic  discharge  of  gas  pockets  and  the  periodic  variation  of 
electrode  current  were  eliminated. 
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The  closed  Channel  (b)  when  operating  at  low  velocity,  however,  exhibited  a 
decrease  in  electrode  current  to  a  lower  equilibrium  value  as  shown  in  Fig.  11. 
The  final  equilibrium  current  level  can  be  significantly  less  than  currents 
achieved  in  the  open-top  channels  and  given  previously  in  Figs.  4  to  8.  The 
current  decrease  is  again  the  result  of  bubbles  or  gas  trapped  on  the  electrodes  (in 
this  case  the  anode)  as  discussed  in  the  next  section.  The  time  to  reach  the 
equilibrium  current  and  the  amount  of  the  current  decrease  depends  upon  the 
flow  velocity  and  the  applied  voltage  (i.e.  current  level). 

Thus,  diverging  the  diffuser  top  wall  eliminated  the  undesirable  periodic 
discharge  of  gas  in  the  flow  channel.  However,  the  longer  residence  time  of  the 
H2  bubbles  in  the  flow  at  lower  velocity,  decreases  the  current  flow  in  a  closed 

channel  from  what  might  be  expected  based  upon  the  seawater  conductivity  (i.e. 
Figs.  4  to  8). 

Siimmaa 

The  following  table  summarizes  the  degradation  of  current  density  which 
for  these  tests  occurred  in  a  closed  channel  as  a  result  of  H2  gas  formation  in  the 

electrolysis  process.  Values  of  the  maximum  current  density  achievable  in  an 
open-top  channel  are  also  shown  for  reference  purposes: 

Table  4  -  Summary  of  Current  Density  in  Closed  Channels 
at  Various  Operating  Conditions 

Velocity  =  26  cm/sec  Electric  Field,  volts/cm 


2 IS 

iS& 

m 

Initial  Current  Density  amp/cm2 

.068 

.138 

J220 

Final  Equil.  Current  Density  amp/cm2 

Anr 

.uoo 

.085 

a  60 

Time  to  Reach  Equil.,  min. 

7 

3 

2 

Max.  Current  Density  Possible,  amp/cm2 

.082 

.158 

.270 
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Table  4  (Continued) 


Velocity  =  70  cm/sec  and  above 


Initial  Current  Density  amp/cm2 

.068 

.138 

.220 

Final  Equil.  Current  Density  amp/cm2 

.060 

.130 

.220 

Time  to  Reach  Equil.,  min. 

Nil 

Nil 

Nil 

Max.  Current  Density  Possible,  amp/cm2 

.082 

.158 

.270 

These  test  results  are  shown  in  a  different  way  by  Fig.  12  which  compares 
the  variation  of  the  measured  current  density  with  electric  field  for  a  closed 
channel  (cathode  on  the  bottom  wall)  with  the  measurements  for  an  open 
channel.  This  comparison  illustrates  that  due  to  H2  gas  formation  in  the 

electrolysis  process  a  higher  applied  voltage  will  be  necessary  to  achieve  a  given 
current  and  hence  propulsive  thrust  in  a  closed  channel  than  would  be  ideally 
expected  from  the  value  of  the  seawater  electrical  conductivity.  Because  the 
channel  flow  velocities  for  these  tests  were  much  lower  than  would  exist  in  a 
typical  submarine  thruster,  there  is  a  tendency  to  believe  that  this  potential  loss  of 
performance  will  be  greatly  reduced  and  perhaps  eliminated  as  flow  velocities 
increase.  However,  the  observations  of  bubble  dynamics  described  in  the  next 
section  clearly  suggest  that  the  current  losses  are  due  to  the  bubbles  that  move 
through  low-velocity  sidewall  boundary-layer  regions  because  of  their  buoyancy. 
They  accumulate  in  the  upper  comer  between  and  electrode  and  the  sidewall  and 
result  in  blocking  a  part  of  the  electrode  surface  area.  Simply  increasing  the 
overall  flow  velocity  may  not  significantly  alter  the  mechanisms  which  results  in 
gas  accumulation  at  the  electrodes. 
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BUBBLE  DYNAMICS 

As  shown  by  Figs.  4  through  12  four  modes  of  current  flow  were  observed 
during  these  tests: 

(1)  A  linear  variation  of  current  with  voltage,  with  current  levels 
corresponding  to  the  ideal  values  expected  for  the  salt  water  specific  gravity  and 
electrical  conductivity.  This  result  occurred  in  an  open-top  channel  with  a  free 
surface  and  the  electrodes  served  as  the  vertical  sidewalls  which  allowed  the  H2  to 

escape. 

(2)  A  linear  variation  of  current  with  voltage  for  a  closed  channel  but 
with  currents  about  10%  lower  than  the  ideal  value.  This  result  occurred  when 
the  closed  channel  velocity  was  greater  than  70  cm/sec. 

(3)  A  periodic  fluctuating  current  in  a  closed  channel  at  velocities  below 
about  40  cm/sec  and  with  a  horizontal  top  wall  on  the  diffuser. 

(4)  A  significantly  decreased  but  steady  current  in  a  closed  channel  at 
velocities  below  about  40  cm/sec  and  with  a  2°  diverging  top  wall  on  the  diffuser. 

All  of  these  current  modes  were  a  function  of  gas  generation  rate  in  the 
channel  and  the  bubble  dynamics. 

QPEN-TQP  CHANNEL.B.UBBLE,  DYNAMICS 

Observation  of  the  bubble  formation  in  the  open-top  channels  clearly 
demonstrate  that  small  diameter  bubbles  (probably  less  than  0.5mm  in  diameter) 
are  generated  uniformly  over  the  cathode  sidewall  and  to  a  lesser  degree  with 
some  anode  materials  (the  Eltech  material  and  aluminum  for  example).  The 
bubbles  rise  and  move  downstream  in  the  electrode  sidewall  boundary  layers 
under  a  balance  of  forces  due  to  (1)  shear  in  the  boundary  layer,  (2)  their  natural 
buoyancy  and  (3)  their  surface  tension  with  the  wall.  As  they  reach  the  water 
surface  they  coalesce  into  much  larger  bubbles  and  either  escape  from  the  free 


surface  into  the  atmosphere  or  float  downstream  on  the  surface  and  along  the 
wall  forming  a  "foam  boundary  layer".  In  any  event  with  a  free-surface  the 
bubbles  do  not  appear  to  move  out  of  the  sidewall  boundary  layers  where  they  are 
generated  and  into  the  free-stream  except  when  they  reach  the  free  surface. 
Figure  13(a)  is  a  photograph  of  bubbles  formed  in  an  open-top  channel.  It 
illustrates  (1)  the  layer  of  small  bubbles  forming  on  the  cathode  surface,  (2)  the 
foam  boundary  layer  at  the  free  surface  and  (3)  the  absence  of  any  bubbles  in  the 
free  stream.  A  sketch  of  the  bubble  dynamics  with  this  configuration  is  given  by 
Fig.  13(b).  The  bubble  formation  and  their  movement  does  not  significantly 
impact  the  electrical  characteristics.  At  a  given  applied  voltage  the  current  that 
results  is  what  would  be  expected  from  the  conductivity  of  the  water. 

CLOSED  CHANNEL  BUBBLE  DYNAMICS 

In  a  closed  channel  the  situation  is  different.  Any  gas  that  is  generated  at 
the  top  wall  or  rise',,  through  the  sidewall  boundary  layers  tends  to  be  trapped 
against  the  top  wall.  Surface  tension  forces  are  enhanced  on  the  top  surface  since 
the  buoyant  force  pushe-  the  bubble  against  the  top  wall.  Shear  forces  in  the  top 
wall  boundary  layer  are  not  sufficient  to  move  the  gas  downstream  very  rapidly. 

One  brief  test  was  conducted  with  a  closed  channel  having  the  cathode  as 
the  top  wall.  Hydrogen  generated  at  the  cathode  became  trapped  against  the 
cathode  surface  due  to  its  buoyancy  and  surface  tension.  This  greatly  reduced  the 
current  which  could  be  passed  through  the  seawater.  No  data  were  taken  for  this 
configuration  because  it  didn’t  appear  to  be  of  practical  interest.  For  all  other 
closed  channel  tests  the  cathode  was  placed  on  the  bottom  wall  and  the  anode 
served  as  the  top  wall.  With  this  orientation  most  of  the  hydrogen  produced  at  the 
cathode  will  rise  through  the  cathode  boundary  layer  because  of  its  buoyancy  and 
move  into  the  free  stream  (see  Fig.  14(a). 
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Acoustic  measurements,  ref.  10,  suggest  that  the  size  of  the  bubbles 
generated  in  these  tests  was  in  the  range  between  0.1  to  0.5  mm  in  diameter.  This 
size  range  was  also  consistent  with  visual  observations.  Bubbles  of  this  size  will 
have  a  rise  velocity  between  1.5  and  5  cm/sec17.  Assuming  that  the  bubbles  are 
spherical,  they  are  subject  to  a  vertical  buoyant  force  (FB)  and  a  drag  force  (Fp) 
moving  them  horizontally.  It  can  be  easily  shown  that  the  ratio  of  FB  to  Fp  for 
"free"  bubble  is: 

Fb  -gD  - 

F5  «  3CdV2 

where  D  is  the  diameter  of  the  bubble,  Cp  is  the  drag  coefficient  for  a  sphere 

(which  depends  on  Reynolds  number),  V  is  the  flow  velocity,  and  g  is  the 

acceleration  due  to  gravity.  For  the  conditions  of  these  tests  the  ratio: 

FB 

F5  <<01 

Thus,  the  bubbles  rising  out  of  the  cathode  boundary  layer  and  into  moving  the 
free  stream  (which  had  a  velocity  as  high  as  70  to  90  cm/sec)  are  sweep 
downstream  and  out  of  the  channel  before  they  could  rise  to  the  top  of  the  channel, 
(see  Fig.  14(a)).  Even  at  the  lower  velocities  of  these  tests  (near  20  to  30  cm/sec),  a 
large  portion  of  the  bubbles  generated  on  the  bottom  wall  are  swept  out  of  the 
channel  before  rising  to  the  top  wall. 

The  situation  is  different  however  for  bubbles  formed  at  the  cathode  and 
sidewall  comer.  These  bubbles  will  rise  in  the  sidewall  boundary  layer  and  stay 
close  to  the  sidewall.  As  a  result  many  of  these  "boundary  layer"  bubbles  reach 
the  top  before  moving  out  of  the  channel  since  in  this  case: 


F§  '  «*» 

The  migration  of  bubbles  generated  in  the  bottom  corners  is  also  sketched  in  Fig. 
14(a).  Bubbles  which  rise  through  the  sidewall  boundary  layers  create  small  gas 
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pockets  at  the  comers  between  the  sidewalls  and  the  anode.  The  effect  of  these  gas 
pockets  is  to  reduce  the  effective  surface  area  of  the  anode  and  reduce  the  current 
flow.  This  bubble  flow  pattern  is  responsible  for  the  decrease  in  current  measured 
for  the  closed  channel  operating  at  higher  velocities.  (Compare  Fig.  9  with  Fig.  4 
or  see  Fig.  10) 

As  the  channel  flow  velocity  decreases,  this  effect  becomes  more 
pronounced;  moreover,  at  the  lower  flow  velocities  some  of  the  gas  generated  at 
the  bottom  of  the  channel  may  rise  to  the  anode  before  leaving  the  channel  and 
block  even  more  of  the  anode  area.  This  bubble  behavior  produces  the  larger 
current  decrease  with  time  as  shown  in  Fig.  11  for  a  low,  channel  velocity. 

Gas  generated  at  the  floor  of  the  channel  and  swept  into  the  diffuser  can 
then  rise  further  and  be  trapped  against  the  diffuser  top  wall.  When  that  wall 
was  horizontal,  large  gas  pockets  accumulated  which  as  outlined  earlier  cause 
the  periodic  fluctuation  in  current  summarized  in  Fig.  1 0. 

IwHJfiATlONg  FOR  A  SEAWATER  THRUSTER  PE&QN 

The  results  of  these  tests  (even  though  the  scale  and  velocities  were  email) 
suggest  potential  performance  problems  with  seawater  MHD  thrusters  which 
will  ha\p  to  be  considered.  In  addition,  they  aloo  suggest  channel  geometries  and 
orientations  which  may  be  nitre  desirable. 

Ellsct-filiiubhk i‘ar  ia£iui,qii_Channe]  Performance 

Thebe  tesO.i  have  indicated  a  10  to  157?  reduction  of  current  densities  in 
closed  channels  naving  flow  velocities  as  high  at  90  an/sec  (pee  Fig.  12)  due  to 
bubble-induced  gas  blockage  at  the  electrode.  The  end  effect  of  the  gas  blockage  in 
the  channel  is  to  reduce  the  electrical  efficiency  of  a  seawater  MHD  propulsion 
unit. 
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A  simple  analytical  model  which  approximates  the  performance  of  an 
MHD  submarine  thruster  has  been  developed  by  Bagley18  at  DTRC.  As  an 
example,  a  particular  calculation,  using  his  model  to  estimate  the  performance  of 
submarine  MHD  propulsion  unit  having  a  magnetic  field  of  5  tesla  and  a  current 
density  of  0.2  amp/cm2,  indicated  a  thruster  electrical  efficiency  (the  ratio  of  MHD 
power  out  to  electrical  power  in)  of  about  24.3%.  If  13%  of  the  electrode  surface 
area  is  blocked  by  a  gas  sheath,  which  is  the  reduction  indicated  by  the  Fig.  12 
data,  the  thruster  electrical  efficiency  would  decrease  to  21.8%.  It  should  be 
emphasized  that  these  values  are  approximate  and  that  the  scale  and  velocities 
used  in  these  tests  may  cause  a  greater  degradation  of  current  than  will  occur  in 
a  full-scale  configuration.  Moreover,  a  complete  MHD  channel  will  produce  the 
Lorentz  force  (jxB)  in  the  fluid  and  in  the  boundary  layer  which  may  act  to  move 
the  bubbles  in  the  boundary  layer  downstream  more  rapidly.  This  force  on  the 
fluid  was  absent  in  these  tests  since  B^O.  However,  the  potential  for  decreased 
performance  due  to  gas  bubbles  and/or  gas  pockets  on  the  electrodes  should  not  be 
dismissed  lightly. 

Chanitfil-Configyrall^n 

The  observation  of  the  H2  bubble  dynamics  and  the  measurement  of  their 
effects  provide  some  guide  to  the  design  of  an  MHD  thruster.  First,  it  would 
appear  highly  desirable  to  avoid  horizontal  or  converging  channel  top  walls 
(ceilings)  in  flow  passages  where  H2  bubble  may  exist  which  tends  to  trap  bubbles 

due  to  surface  tension  effects  and  allows  gas  pockets  to  form.  This  suggestion 
would  apply  to  the  diffuser  as  well  as  the  channel.  Diverging  the  channel  walls 
and  particularly  the  top  wall  should  decrease  or  minimize  current  losses  due  to 
gas  blockage. 

For  a  linear  MHD  channel  it  appears  desirable  to  place  the  cathode  at  the 
bottom  of  the  ch&nnel.  (see  Fig.  14(a).  This  should  maximize  the  possibility  of  the 
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bubbles  getting  into  the  free  stream  and  being  swept  out  of  the  channel  before 
rising  to  the  top  electrode  where  they  would  provide  a  high-resistance  blockage  to 
the  current  flow.  Since  some  anodes  produce  less  gas  than  others,  their  use 
would  also  be  desirable.  As  outlined  later,  thoue  anodes  which  demonstrated  good 
durability,  however,  also  produced  gas  on  the  anode  surface. 

If  the  electrodes  are  at  the  sidewalls  of  a  linear  channel,  larger  amounts  of 
the  H2  gas  will  be  trapped  in  the  boundary  layers  as  illustrated  in  Fig.  14(b). 

These  tests  suggest  that  a  linear  channel  with  electrode  sidewalls  may  inherently 
have  lower  performance  unless  some  means  is  provided  to  remove  the  bubbles  or 
gas  pockets. 

The  concept  of  an  annular  MHD  propulsion  unit  configuration  which  is 
wrapped  around  the  hull  of  the  submarine  has  been  suggested  several  times  over 
the  past  twenty-five  years.2* 19* 20  This  configuration  has  a  number  of  advantages 
related  to  (1)  a  simpler  magnet  design  and  (2)  minimizing  the  size  and  perhaps 
cost  of  the  MHD  propulsion  unit  appendage  which  would  have  to  be  added  to  a 
conventional  submarine  hull.  A  sketch  of  this  configuration  is  shown  in  Fig. 
15(a). 

It's  not  yet  clear  how  the  outer  annulus  wall  would  be  structurally 
supported.  This  sketch  shows  that  the  outer  wall  is  supported  by  vanes  in  the 
inlet  nozzle  and  exit  diffuser  which  would  enclose  part  of  the  magnet  coil 
windinge.  The  azimuthal  magnetic  field  would  be  provided  by  several  coils  which 
would  be  enclosed  in  the  outer  wall,  the  end  support  vanes  and  then  the  inner 
wall.  This  arrangement  would  leave  an  unobstructed  annular  MHD  flow  passage 
as  shown  in  Fig.  1 5(b).  Such  an  arrangement  would  minimize  the  formation  of 
H2  gas  pockets  being  trapped  in  the  MHD  channel  and  interfering  with  the 

current  flow  if,  as  sketched  in  the  figure,  the  inner  wall  served  as  the  cathode. 

Gas  formed  at  the  inner  electrode  would  escape  into  the  free  steam  and  be  swept 
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out  of  the  channel  before  reaching  the  outer  electrode.  Thus,  this  arrangement 
would  appear  to  be  much  less  susceptible  to  current  losses  due  to  gas  blockage 
effects  described  above. 

If,  however,  it  would  become  necessary  to  provide  support  walls  over  the 
length  of  the  MHD  channel  between  the  inner  body  (the  cathode)  and  the  outer 
body  (the  anode),  the  annular  passage  would  be  partitioned  or  segmented.  Should 
structural  consideration  make  such  support  partitions  necessary,  or  that  it  is 
done  to  subdivide  the  thruster  for  directional  control  purposes,  the  electrodes  in 
each  sector  would  be  orientated  in  different  directions  with  respect  to  the  direction 
of  the  gravitation  force.  The  observation  of  H2  bubble  dynamics  in  these  tests  and 

the  tendency  of  the  bubbles  to  remain  in  the  low-velocity  boundary  layers  suggest 
that  the  problem  of  trapped  gases  interfering  with  the  current  flow  in  some  of  the 
thruster  segments  could  be  quite  severe  with  this  configuration.  The  efficiency  of 
the  thruster  would  be  reduced  and  should  this  occur,  the  thrust  form  each  sector 
to  the  MHD  propulsor  could  vary  considerably.  The  end  effect  would  appear  to  be 
a  force  couple  acting  in  the  nose-down  direction. 

LONG  DURATION  TESTS 

Two  long-duration  electrode  tests  were  carried  out  to  obtain  information 
concerning  the  durability  of  some  electrode  materials  and  to  gain  some  insight 
into  the  operation  of  closed-loop  facilities  designed  to  evaluate  seawater  MHD 
thrusters.  A  50-hour  accumulative  test  was  made  with  Electrode  Pair  4  (Eltech 
Anode  and  Eltech  Cathode)  and  100  hours  of  operation  of  Electrode  Pair  5  (Eltech 
Anode  and  Hastelloy  C  Cathode)  was  carried  out. 
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50-HQUR  TEST  OF  ELTECH  ELECTRODES 

Figure  7  summarizes  the  current/voltage  characteristics  of  art  Eltech  anode 
and  cathode  combination  over  50  hours  of  testing  at  an  electnc  field  of  6  volta/cm 
and  a  current  density  of  approximately  0.25  am  p/cm2.  There  were  no  important 
changes  of  the  electrical  characteristics  over  the  course  of  the  tests.  Changes  in 
current  at  a  given  voltage  shown  in  Fig.  7  were  due  to  (1 )  increase  of  the  water 
temperature  during  the  run  and  (2)  the  formation  of  magnesium  scaling  products 
on  the  anode.  Moreover,  there  was  no  visible  or  measurable  degradation  of  the 
electrode  surfaces  over  the  50-hour  test. 

Effect  .ofJVatei..Iemperaturg 

This  50-hour  test  was  made  up  of  several  6  to  10  hour  continuous  runs. 

Over  the  course  of  the  run,  energy  is  added  to  the  water  by  the  circulating  pump 
and  by  the  current  passing  between  the  electrodes  and  through  the  water.  As  a 
consequence,  the  temperature  of  the  water  rises  a  few  degrees  over  the  run.  The 
electrical  conductivity  of  the  simulated  seawater  is  relatively  sensitive  to  the  water 
temperature.  Figure  16  shows  the  variation  of  current  with  time  for  the  constant 
applied  voltage  of  30  volts.  During  a  run  the  current  rises  as  the  water 
temperature  rises.  Then,  overnight  the  facility  was  shut  down  and  the  water 
temperature  returned  close  to  its  original  value.  This  cycling  or  variation  of 
water  temperature  with  time  resulted  in  the  sawtoothed  current  history  given  in 
Fig.  16.  With  constant  values  of  applied  voltage,  flow  velocity,  specific  gravity  of 
the  water  and  channel  geometry,  it  was  possible  to  measure  the  resulting  current 
at  temperatures  between  about  65°F  to  92°F.  As  illustrated  by  Fig.  17,  a  25°F 
temperature  variation  resulted  in  about  a  25%  change  in  current.  Consequently, 
one  must  exercise  care  in  interpreting  current  data  in  a  closed  MHD  thruster  test 
facility  in  which  the  water  or  electrolyte  temperature  can  change.  Since  the 
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current  varies  linearly  with  water  (electrolyte)  temperature,  it  would  be  simple  to 
correct  current  data  for  changes  in  the  water  temperature. 


As  noted  earlier  the  very  high  pH  condition  which  exists  at  the  cathode 
results  in  the  formation  of  magnesium  and  to  a  lesser  degree  calcium  hydroxide. 
This  material  is  glantinous  and  adhered  to  the  Eltech  cathode  surface.  Some 
observations  over  the  course  of  the  tests  concerning  these  deposits  are  made  in 
Pig.  18.  While  these  scale  deposits  were  wiped  from  the  cathode  between  most  of 
the  run  periods,  they  did  nevertheless  form  a  crust  on  the  cathode  surface  as  the 
test  progressed  as  shown  by  Fig.  19. 

This  cathode  scaling  material  Mg(OH>2  is  electrically 
insulating.  So,  as  the  Mg(OH)2  scale  accumulates  on  the  cathode  over  a  period 


time,  it  reduces  the  current.  This  effect  can  be  seen  in  Pig.  1 6  by  the  decrease  of 
the  initial  current  at  the  start  of  each  run  period  from  the  start  of  the  test,  up  to  a 
total  run  time  of  about  36.6  hours  (i.e.  the  dash-dot  line).  Current  data  taken  from 
Fig  16  is  summarized  below: 

Table  5  -  Current  Variation  with  Time  for  Long-Duration  Tests 


Accumulated 


Current 

(I-=-7g°F),  amp 


0 

5.6 

7.6 

5.44 

16.7 

5.17 

25.0 

5.17 

36.6 

4.93 

44.2 

5.59 

50.5 

5.44 

At  an  accumulated  run  time  of  44.2  hours  the  cathode  was  removed  from 
the  channel,  scrapped  clean,  re-installed  and  run  for  a  short  time  with  reversed 
polarity.  Running  the  cathode  as  an  anode  for  a  short  time  effectively  removed  the 
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scale.  With  the  cleaned  cathode,  Fig.  16  illustrates  that  the  current  increased  to 
nearly  the  level  measured  when  the  cathode  was  new.  Continuing  to  run  the 
cathode  for  another  6.3  hours  resulted  in  the  current  beginning  to  again  decrease 
as  more  scale  formed.  Appendix  A  provides  a  chemical  analysis  of  this  scale 
material. 

QUiei-LongHmatifin  Trends 

Figure  18  summarizes  the  cathode  and  anode  weights  over  the  50  hour  test 
period.  The  cathode  exhibited  a  slow  weight  increase  as  a  scale  crust 
accumulated.  When  the  electrode  polarity  was  reversed  and  the  scale  removed, 
the  cathode  weight  returned  to  its  original  value.  The  weight  of  the  anode 
appeared  to  vary  slightly  over  the  course  of  the  test.  The  weight  changes  shown  in 
Fig.  18  are  believed  to  be  due  different  moisture  contents  of  the  oxide  coating  and 
their  mounts  since  the  electrodes  were  just  wiped  dry  and  weighed.  It  is  believed 
that  the  50-hour  test  did  not  result  in  any  measurable  weight  loss  for  either  the 
Eltech  anode  or  cathode. 

The  electrolyte  pH  was  also  recorded  over  the  period  of  this  test  (see  Fig. 
18(b)).  The  pH  was  observed  to  rise  initially  over  the  first  few  hours  of  the  test  as 
hypochloride  was  produced.  After  that  it  continued  to  increase  but  rather  slowly. 
It  should  so  be  noted  that  the  slight  odor  of  CI2  was  present  over  the  free-surface  of 

the  water  form  time  to  time  when  the  electrodes  were  powered.  Measurements 
just  over  the  surface  of  the  water  and  near  the  channel  indicated  CI2 

concentrations  of  3  to  5  ppm  which  is  the  level  of  its  odor  threshold.  This 
electrolysis  process  did  not  generate  any  appreciable  amount  of  free  CI2. 

1QQ-HQUR  TEST  OF  ELTECH/HASTELLOY  ELECTRODES 

Tests  of  the  stainless  steel  Electrode  Pair  3  indicated  that  the  Mg(OH>2  and 
Ca(OH)2  scaling  products  did  not  adhere  to  the  electrode  surface.  Moreover, 
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discussions  with  others12  indicated  that  commercially  available  electrolysis  cells 
utilize  stainless  cathodes  to  reduce  the  scaling  problem.  For  these  reasons,  a  100- 
hour  test  of  a  polished  Hastelloy  C  cathode  and  an  Eltech  (ruthenum  dioxide 
coating  on  titanium  substrate)  anode  was  made.  This  test  consisted  of  several  8- 
hour  to  24-hour  continuous  run  periods.  The  purposes  of  the  test  were  to  (1)  gain 
information  about  the  durability  of  this  electrode  pair,  (2)  to  observe  the  location 
and  amount  of  scaling  and  (3)  measure  the  electrical  characteristics  of  this 
electrode  pair,  (Fig.  8). 

Scale  Formation 

The  magnesium  scale  formed  near  the  cathode  surface  but  it  did  not  adhere 
to  the  polished  steel  surface  to  any  important  degree.  At  the  entrance  and  exit  of 
the  channel,  however,  there  were  vertical  wall  seams  where  the  channel  was 
butted  to  the  nozzle  exit  and  diffuser  entrance.  These  vertical  seams  on  the 
cathode  side  of  the  channel  represented  small  but  finite  wall  discontinuities. 
Scaling  products  become  attached  to  these  discontinuities  and  grew  upstream  on 
the  nozzle  sidewall  and  downstream  on  the  diffuser  sidewall.  They  also  grew 
outward  from  the  wall  in  the  form  of  a  vane-like  bulge  that  extended  well  beyond 
the  wall  boundary  layer.  The  flow  velocity  was  77  cm/sec  for  these  testa.  The 
Mg(OH)2  scale  also  grew  in  the  comer  between  the  cathode  sidewall  and  channel 

floor  where  velocities  were  relatively  low  and  then  outward  across  the  channel 
floor  to  the  anode.  It  primarily  adhered  to  the  floor  rather  than  the  cathode.  Scale 
growth  patterns  are  given  in  Fig.  19. 

For  the  channel  size  and  flow  velocity  of  these  tests  the  growth  of  the 
Mg(OH)2  scale  was  sufficient  to  create  disturbance  and  blockage  of  the  flow.  After 

one  24-hour  continuous  run  period  the  scaling  material  was  collected  from  the 
nozzle/channel/diffuser  walls  and  weighed,  after  it  had  been  dried.  During  this 
test  period  the  weight  of  the  scale  accumulation  was  about  0.22  gms  per  square 


a 
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centimeter  of  cathode  surface  area.  This  corresponds  to  an  accumulation  rate  in 
the  channel  region  of  roughly: 

m]  scale  *  pa/hr/cm2  of  cathode 

After  100  hours  of  running  the  MgfOH^  scale  material  coated  most  of  the  wetted 
surfaces  in  the  test  facility  to  some  degree. 

The  use  of  a  polished  stainless  steel  cathode  greatly  minimize  the  formation 
of  the  scale  material  on  the  cathode  surface.  Moreover,  the  use  of  these  electrodes 
almost  eliminates  the  current  reduction  and  loss  of  MHD  channel  performance 
due  to  scaling  which  occurred  with  an  Eltech  or  aluminum  cathode.  However, 
the  production  of  the  magnesium  and  perhaps  calcium  oxides  at  the  cathode  may 
cause  some  losses  of  channel  performance  by  creating  blockage  and  flow 
disturbances  which  may  lead  to  higher  pressure  drops  in  the  exit  diffuser.  In 
addition,  this  material  may  cause  some  operational  problems  in  closed-loop  test 
facilities  where  it  can  accumulate  and  initiate  disturbance  to  the  flow.  Thisjnay. 
be  particularly  important  in  facilities  where  acoustic  testing  of  MHD  thrusters  is 
to  be  done. 

Etorods  Durability 

This  electrode  pair  accumulated  109  hours  running  at  a  current  density  of 
0.30  amp/cm2.  A  summary  of  the  test  periods  is  given  below: 
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Table  6  *  Summary  for  100  Hour  Test 


Date 

Power  On 

Power  Off 

Ban  Time,  hr 

Total  Time,  hr 

9/7/89 

9:35  am 

8:20  pm 

10.75 

10.75 

9/8/89 

8:15  am 

9/9/89 

9:35  am 

25.25 

36.0 

9/9/89 

9:50  am 

5:50  pm 

8.0 

44.0 

9/11/89 

8:50  am 

9/12/89 

7:05  am 

22.25 

66.25 

9/12/89 

7:05  am 

• 

9/13/89 

2:00  am* 

15.1 

81.35 

9/13/89 

7:25  am 

6:50  pm 

11:25 

92.60 

9/14/89 

8:45  am 

10:35  pm 

14.8 

107.40 

9/15/89 

8:45  am 

10:45  am 

2.0 

109.4 

♦Anode  power  supply  connection  failed  at  about  2:00  am. 

The  performance  of  both  the  anode  and  cathode  over  this  period  was  excellent. 
Both  electrodes  were  weighed  before  and  after  the  test; 


Eltech 

Hastelloy 

Anode 

Cathode 

Beginning  of  Test 

0.101801b. 

0.478181b. 

End  of  Test 

0.102321b. 

0.47626  lb. 

The  weight  differences  shown  are  within  the  overall  measurement  error. 
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SUMMARY  AND  CONCLUSIONS 


Systematic  tests  of  the  seawater  electrolysis  process  in  an  MHD  type 
channel  have  been  carried  out.  There  was  no  applied  magnetic  field  for  these 
tests  and  the  Lorentz  force  on  the  simulated  seawater  was  absent.  The 
current/voltage  or  current  density/electrical  field  characteristics  measured 
during  these  tests  are  similar  to  those  which  will  occur  in  an  MHD  seawater 
thruster,  if  the  electric  field  for  these  tests  is  taken  to  represent  the  sum  of  the 
applied  field  and  induced  field  in  an  MHD  channel.  These  tests  have  led  to  the 
following  conclusions:  fl.  The  product  Instant  Ocean  can  be  used  to  produce  a  test 


medium  for  MHD  thruster  tests  which  has  the  same  electrical  conductivity  and 
specific  gravity  relationship  as  sea  water  (i.e.  c  *  4.5  mho/m  and  S.G.  =  1.024). 
This  product  can  also  be  employed  to  increase  the  electrical  conductivity  of  the  test 
medium  to  at  least  10  mho/m,  if  it  is  desirable  to  evaluate  a  seawater  MHD 
thruster  over  a  wider  range  of  MHD  conditions. 


2.  The  current  or  alternatively  the  current  density  with  a  seawater  electrolyte 
vary  linearly  with  applied  voltage  or  electric  field  up  to  a  current  density  of  at  least 
0.3  amp/cm2  when  there  is  the  means  to  remove  the  hydrogen  hubbies  generated 
at  the  electrodes  (principally  H2  at  the  cathode).  An  electrode  voltage  drop  of  1  to  2 

volts  occurs  and  may  be  thought  of  as  an  initation  voltage  which  must  be  applied 
before  significant  current  will  flow  in  the  seawater  electrolyte. 


3.  When  the  channel  completely  encloses  the  flow,  H2  gas  generated  at  the 
electrodes  can  become  trapped  in  the  boundary  layers.  It  rises  to  the  top  of  the 
channel  due  to  its  buoyancy  and  forms  pockets  of  gas.  These  gas  pockets  can,  to  a 
varying  degree  depending  upon  the  orientation  of  the  electrodes,  cover  a  portion  of 
the  electrode  surface  and  reduce  the  current  flow.  In  this  case  the  gas  acts  as  an 
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insulating  sheath  over  a  part  of  the  electrode  and  reduces  the  MHD  thruster 
performance.  For  these  tests  the  loss  of  electrical  current  was  at  least  10  to  15% 
and  as  high  as  50%. 

4.  The  current  varied  periodically  with  time  for  test  configurations  with 
horizontal  top  walls  (ceilings)  in  the  channel  and  diffuser  as  the  channel 
periodically  discharged  pockets  of  gas  which  had  become  trapped  at  the  top 
surface. 

5.  Careful  consideration  must  be  given  to  the  geometric  design  of  a  seawater 
MHD  thruster  and  its  exit  diffuser  to  avoid  the  formation  of  pockets  of  trapped  H2 

gas  and/or  to  provide  the  means  to  remove  the  gas.  Diverging  top  walls  for  the 
channel  and  diffuser  is  believed  to  be  essential  for  linear  MHD  thrusters  in  order 
to  minimize  ga6  blockage  of  the  electrodes.  The  toroidal  or  annular  MHD  thruster 
configuration  may  have  a  configurational  advantage  in  minimizing  gas  blockage, 
as  long  as  it  does  not  have  to  be  portioned  into  segments.  If,  however,  structural 
considerations  dictate  subdividing  the  annular  passages  into  segments,  to 
support  the  outer  annular  wall,  some  segments  of  the  annular  flow  passage  will 
in  all  likelihood  have  significantly  reduced  current.  This  would  result  in  uneven 
thrust  for  the  annular  segments  which  is  clearly  undesirable. 

6.  Copper  and  aluminum  anodes  were  severely  eroded  as  copper  and  aluminum 
oxides  formed.  Moreover,  the  oxide  film  which  quickly  formed  on  the  copper 
anode  limited  the  current  flow.  Corrosion  of  other  copper  and  aluminum 
materials  used  in  the  test  facility  was  also  rather  severe.  Stainless  anodes  were 
also  oxidized,  but  to  a  lesser  degree.  An  anode  made  of  ruthenium  dioxide  on  a 
titanium  substrate  (manufactured  by  Eltech  Corp)  proved  to  be  quite  durable  in  a 
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50-hour  and  100-hour  test.  For  both  of  these  long-duration  tests  there  was  no 
visible  or  measurable  loss  of  this  anode  material. 

7.  The  principle  problem  at  the  cathode  was  the  formation  of  a  white  gelanteous 
material  from  the  salts  in  the  electrolyte  solution.  The  primary  substance  that 
formed  during  these  tests  was  magnesium  hydroxide,  Mg(OH)2  (Appendix  A). 

This  material  formed  at  the  high  pH  condition  at  the  cathode  and  adhered  to  the 
aluminum  and  Eltech  cathodes.  Since  it  is  an  electrical  insulator,  it  reduced  the 
current  flow  as  it  accumulates  over  long  run  times.  This  material  could  be  easily 
removed  by  reversing  the  polarity.  The  Mg(OH>2  did  not  adhere  as  readily  to  two 

types  of  stainless  steel  electrodes  which  were  tested.  However,  it  did  stick  to  and 
grow  out  from  the  nozzle,  and  diffuser  walls  as  well  as  the  insulated  B-walls  in 
regions  where  there  were  wall  discontinuities  and/or  comers  with  low  flow 
velocities. 

8.  An  electrode  pair  made  up  of  an  Eltech  anode  (to  minimize  anode  erosion)  and 
a  polished  Hastelloy  C  cathode  (to  minimize  the  buildup  of  Mg(OH)2>  exhibited 

very  good  performance  over  a  100  hour  test  at  a  current  density  of  about  0.3 
amp/cm2.  Following  this  test  there  was  no  measurable  loss  or  visual  damage  to 
either  electrode.  However,  while  the  Mg(OH)2  deposits  did  not  form  on  the 

polished  stainless  cathode  surface,  these  deposits  did  form  in  other  parts  of  the 
flow  channel  to  the  point  of  creating  significant  flow  disturbances.  This  electrode 
pair,  a  ruthemum  dioxide  coated  anode  and  a  polished  stainless  cathode  is 
recommended  for  use  in  MHD  seawater  thrusters.  It  wil?  provide  good  electrical 
performance  and  durability. 
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9.  From  the  results  of  these  tests  it  appears  that  it  will  be  necessary  to  consider 
and  control  the  formation  of  Mg(OH)2  and  other  compounds  in  the  flow  inlet 

nozzle  and  exit  diffuser  adjacent  to  the  cathode  surface.  In  addition,  MHD 
thruster  test  facilities  will  have  the  problem  of  an  accumulation  of  these  materials 
throughout  the  test  facility  particularly  in  comers  or  other  flow  regions  where 
velocities  are  low  and/or  flow  discontinuities  exist. 

10.  With  the  use  of  a  ruthenium  dioxide-coated  anode,  hypochloride  (HC10)  forms 
at  the  anode  in  which  the  CI2  produced  at  the  anode  is  hydrolized  to  produce 
additional  H2.  This  will  have  the  effect  of  slowly  increasing  the  pH  of  the  seawater 
test  medium  in  a  closed  MHD  thruster  test  facility.  In  addition,  in  a  closed  test 
facility  the  temperature  of  the  test  medium  will  also  increase  with  time  as  energy 
is  added  to  the  water  by  (1)  joule  heating  of  the  electrolyte  and  (2)  a  circulating 
pump.  The  electrical  conductivity  of  the  seawater  is  quite  sensitive  to  water 
temperature.  As  a  result,  the  electrical  conductivity  of  the  test  fluid  and  as  a 
result  the  current  at  a  given  voL  je  will  increase  with  time  as  the  electrolyte 
temperature  rises.  A  temperature  correction  to  the  current/voltage  data  taken 
over  long  runs  will  probably  be  necessary. 
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Schematic  of  the  test  set-up  for  the  open-top  channel  tests 


(a)  Open-top  channel 


Fig.  2 


(b)  Fully  enclosed  channel. 


Photographs  of  the  open-top  and  closed  channel  configurations 
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Fig.  5.  Current  density  variation  with  electric  field  for  Incoloy  800 
electrodes  at  zero  velocity  and  at  20  cm/sec. 
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Electric  characteristics  of  copper  electrodes  in  an  open-top  channel 


ELECTRIC  FIELD,  E  (volt/cm) 


CURRENT  DENSITY,  j  (amp/cm2) 


Fig.  7,  Current  density  variation  with  electric  field  for  Eltech  electrodes 
(ruthenium  dioxide  coating  on  a  titanium  substrate). 
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ELTEC/H- ANODE 
HASTALLOY -CATHODE 
V  a  75  cm/sec 
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0.3 

CURRENT  DENSITY. )  (arip/cm*) 
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Current  density  variation  with  electric  field  for  an  Eltech  anode 
and  a  Hastalloy  C  cathode. 


ELECTRIC  FIELD.  E  (voIVcm) 


CURRENT  DENSITY,  j  (anp/cm2) 


Fig.  9.  Current  density  variation  with  electric  field  for  an  enclosed  channel 
with  aluminum  electrodes. 
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(a)  u»18  cm/sec 


(b)  u*34  cm/sec 

Fig.  10.  Time  variation  of  the  current  density  in  an  enclosed  channel  with 
a  horizontal  top  wall  in  the  exit  diffuser. 
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CURRENT  DENSITY,  j  (amp/cm*) 


Fig. 


.  Time  variation  of  the  current  density  in  an  enclosed  channel  with  a 
2°  diverging  top  wall  diffuse*. 
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'ELECTRIC  FIELD,  E  (vottfcm) 


CURRENT  DENSITY,  J  («np/cm*) 


Fig.  12.  Current  density  variation  with  electric  field  for  an  enclosed  channel 
at  various  run  conditions. 
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(a)  Photo  of  surface  foam  on  the  cathode  wall 


FOAM  BOUNDARY  LAYER 
ON  FREE  SURFACE 


NO  BUBBLES 


fb)  Cross-sectional  sketch  of  :he  bubble  movement  pattern. 


Fig.  13.  Hydrogen  bubble  dynamics  in  an  npen-top  channel. 
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Fig,  16.  Current  history  over  a  50-hour  test  of  Eltech  anode  and  Eltech  cathode 


CURRENT  (am p) 


YOLTAflE  U,  cm/ftec  gAfflPDE  AMPP£ 

—Q  30  47  ELTECH  ELTECH 

- □  28  75  HASTALLOY  ELTECH 


WATER  TEMPERATURE  (°F) 


Variation  of  alac  trode  current  with  water  temperature  during  long 
duration  tests. 


Fig.  18.  Some  results  of  long-duration  testing. 


(a)  After  15.5  hours  of  testing 


(b)  After  36.3  hours  of  testing 


Photos  of  Eltech  electrodes  during  50-hour  test 


APPENDIX  A  -  CHEMICAL  ANALYSIS  OF  CATHODE  DEPOSIT 
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Mejor:  Mg (OH) 2. 
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Minor:  CaC03  calc  it*  and  aragonite  forma  detected 

note:  Ca(0H)2,  NaCI,  CaC 1 2^  MgCI2  not  detected 
The  amorphous  phase (s)  maybe  the  chloride 
containing  component. 


SEM-EDX- 

Mg>CI>>Ca,AI>K 
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Conductivity  Enhancement  of  Seawater 

MHD  propulsion  methods  using  seawater  as  the  conducting 
medium  has  always  been  plagued  by  low  efficiency  estimates.  This 
has  largely  been  blamed  on  the  lack  of  high  magnetic  fields  but 
the  root  of  the  problem  is  the  inherent  low  conductivity  of 
seawater.  The  literature  in  the  area  of  conductivity  enhancement 
of  seawater  is  all  but  nonexistent  and  one  may  well  ask  oneself 
why  you  would  consider  enhancing  the  conductivity  of  seawater 
apart  from  MHD  applications. 
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Efficiency  of  Conductive  MHD  Propulsion 


To  get  an  understanding  of  the  importance  of  conductivity 

enhancement,  one  must  first  look  at  the  efficiency  equation 

describing  this  process.  The  efficiency  can  be  written  in  terms 

of  the  product  of  five  contributing  efficiencies  or 

inefficiencies.  The  first  efficiency  is  the  efficiency  related 

to  the  coupling  of  the  momentum  in  a  water  jet  to  the  surrounding 

medium  to  produce  thrust.  This  factor  is  the  limiting  factor  for 
all  related  jet  propulsion  mechanisms  including  propellers.  The 

second  efficiency  is  related  to  the  conversion  of  electrical 

input  power  to  a  Lorentz  force  acting  on  the  water.  This  term 

takes  into  account  the  fraction  of  the  input  energy  which  goes 

into  joule  heating  of  the  conducting  fluid.  The  third  term  in 

the  efficiency  equation  relates  the  conversion  of  the  Lorentz 

forces  within  the  MHD  channel  to  actual  water  movement.  Not  all 

of  the  applied  Lorentz  force  results  in  fluid  motion  because  of 

drag  losses  within  the  channel  and  outside  of  the  ship.  The 

forth  efficiency  takes  into  account  entrance  losses  and  the  fifth 

factor  accounts  for  electrochemical  reactions.  The  losses  due  to 

electrochemical  reactions  are  typically  small  compared  to  all 

other  losses.  In  the  remainder  of  this  presentation,  no  further 

mention  will  be  made  of  these  electrochem'ca I  losses. 
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Important  MHO  Equations 


The  efficiencies  may  be  combine  in  an  equation  which  can  be 
written  in  terms  of  d i mens i ona less  quantities.  "U"  represents 
the  ratio  of  the  jet  velocity  to  the  torpedo  velocity.  *k* 
represents  the  losses  associated  with  drag  and  entrance  fosses. 
•H"  is  a  sort  of  interaction  parameter.  Here  we  notice  that  the 
conductivity  has  found  its  place  within  this  interaction 
parameter.  The  higher  the  conductivity,  the  lower  the  value  of 
H.  The  required  electric  field  can  be  found  using  the  equation 
second  from  the  bottom  and  the  last  equation  gives  the  duct 
diameter . 
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MHD  Propulsion  Efficiency 


These  two  graphs  indicate  the  efficiency  as  a  function  of 
the  ratio  of  the  jet  and  torpedo  velocities  and  as  a  function  of 
the  factor  H.  The  first  graph  is  the  lossless  case  and  the 
•econd  graph  is  a  case  where  the  loss  term  is  assigned  a  value  of 
10%.  Note  that  in  both  graphs  as  the  value  of  K  decreases  the 
efficiency  increases  for  a  fixed  ratio  of  velocities.  This 
implies  that  an  increase  in  conductivity  causes  an  increase  in 
efficiency. 


X9M129X4Jf  NOXfindOVd  OHM 
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Efficiency  vs.  Enhancement  Factor 


If  one  were  to  plot  the  efficiency  equation  as  a  function  of 
conductivity  enhancement  and  hold  the  ratio  of  velocities 
constant  at  two,  the  resulting  plot  would  look  like  this.  For 
large  values  of  H  (originally)  the  efficiency  increases  the  most 
for  increasing  conductivity.  For  small  values  of  H  the  increase 
in  conductivity  may  have  no  effect.  In  this  case  there  is  little 
need  to  worry  about  increasing  the  efficiency  because  it  is 
already  high.  This  plot  was  generated  for  the  case  in  which  the 
loss  parameter  was  1055 .  Note  that  for  the  value  of  H  equal  to 
one  the  efficiency  doubles  for  a  factor  of  thn$e  increase  in 
conductivity. 
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Electrical  Conductivity  In  Seawater 


To  understand  how  to  increase  the  conductivity  one  mu,  t 
realize  two  important  facts.  The  first  is  that  the  reason  for 
the  poor  electrical  conductivity  of  water  arises  because 
electrical  conduction  occurs  via  ion  transport  and  not  electron 
transport  as  with  gases.  The  mobility  of  ions  is  orders  of 
magnitude  lower  th"  that  of  electrons.  For  ions  in  water  the 
mobility  is  around  100  cm/sec  per  V/ cm.  The  second  important 
fact  is  related  to  the  first  fact  in  that  this  low  mobility 
requires  many  ions  to  be  present  to  carry  any  appreciable 
currents.  The  conduction  ion  density  in  seawater  exceeds  10*20 
ion  pairs  per  cm3.  This  leads  us  to  the  conclusion  that  we  need 
to  either  increase  the  number  of  ions  or  increase  the  mobility  of 
the  charge  carriers.  The  ion  density  may  be  increased  using  an 
auxiliary  energy  source  in  the  form  of  a  beam  of  electrons, 
photons,  x-rays,  etc.  Another  approach  is  to  use  some  additive 
to  increase  the  number  of  ions  or  introduce  charge  carriers  wi  th 
higher  mobilities.  Some  possibilities  include  metallic  flakes  or 
chemical  additives  (electrolytes). 
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ELECTRICAL  CONDUCTIVITY  IN  SEAWATER 
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Energy  Requirements  for  Enhancement  of  Seawater  Conductivity 


Let  us  address  the  first  suggestion  of  using  an  auxiliary 
energy  source  to  increase  the  conductivity.  The  ion  density  for 
seawater  is  on  the  order  of  2*10*20  ion  pairs  per  cm3.  In  order 
to  double  the  conductivity,  we  need  to  produce  the  same  number  of 
ions  assuming  that  the  ions  we  generate  have  the  same  mobility  as 
the  intrinsic  charge  carriers  in  the  seawater.  To  generate  these 
ions  it  will  require  more  than  an  electron  volt  to  remove  an 
electron  from  a  neutral.  This  is  a  highly  optimistic  value  and 
the  number  probably  exceeds  10  ev  but  let’s  be  optimistic. 
Assuming  a  torpedo  duct  volume  of  1  cubic  meter,  an  input  power 
of  100  horsepower,  and  a  voltage  of  200  volts  we  arrive  at  some 
interesting  numbers.  The  input  power  is  74  kw  and  the  energy 
required  to  generate  10*20  ion  pairs  is  32  joules  per  cubic 
centimeter.  Finally,  the  required  auxiliary  power  is  calculated 
to  be  greater  than  92  megawatts.  This  again  is  an  optimistic 
number  in  that  it  assumes  no  recombination  losses  in  the 
enhancement  region.  A  realistic  value  (due  to  this  effect)  could 
easily  be  an  order  of  magnitude  greater.  This  indicates  that 
using  an  auxiliary  energy  source  to  enhance  the  conductivity 
would  result  in  decreasing  the  system  efficiency  by  at  least 
three  orders  of  magnitude.  Obviously  this  method  is  not 
recommended. 


ENERGY  REQUIREMENTS  FOR  ENHANCEMENT 
OF  SEAWATER  CONDUCTIVITY 
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Thermal  Conductivity  Enhancement 


Another  possible  means  to  enhance  the  conductivity  of  seawater  is  to  raise 
the  temperature  of  the  water.  This  graph  illustrates  the  effect  of 
temperature  on  the  conductivity  of  seawater.  You  cam  see  that  for  the 
nominal  case  of  3 . 5f?  salt  at  0  degrees  C,  the  conductivity  is  3  mho/m.  If 
the  temperature  is  increased  to  24  degrees  C,  the  conductivity  increases 
to  over  5  mho/m. 


299 


THERMAL  CONDUCTIVITY  ENHANCEMENT 
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Power  P.equirements  for  Thermal  Conductivity  Enhancement 


This  viewgraph  illustrates  that  the  amount  of  power  required  to  change  the 
temperature  of  water  is  very  large.  Assuming  a  channel  diameter  of  30  cm 
and  a  flow  velocity  of  20  knots,  the  power  required  to  raise  the  water 
temperature  one  degree  is  on  the  order  of  3  MW  or  4000  HP.  The  Mount  of 
energy  required  to  raise  the  temperature  by  24  degrees  in  a  one  meter 
diameter  duct  with  the  same  flow  '''1-.city  requires  more  power  than  a  ship 
can  be  expected  to  deliver. 
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POWER  REQUIREMENTS  FOR  THERMAL  CONDUCTIVITY 
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Spectra  Technology 


Metal  I ic  Additives 


If  we  next  consider  additives  to  seawater,  one  may  consider 
metallic  additives  in  the  form  of  flakes  or  pellets.  Metallic 
awter ia Is  seem  to  be  of  some  advantage  in  that  the  conductivity 
of  metals  is  some  six  orders  of  magnitude  better  than  seawater. 
The  metallic  particles  help  the  conductivity  by  providing  a  high 
conductivity  path  for  conduction  currents  through  some  fraction 
of  the  MHD  volume.  If  one  assumes  a  worst  case  example  where  all 
of  the  metallic  additive  collects  at  one  electrode,  one  may 
calculate  a  conductivity  enhancement  factor  based  on  the  relative 
volume  of  metallic  material.  Based  on  this  worst  case  approach 
it  is  easy  to  see  that  this  will  have  little  effect  on  the 
conductivity  until  the  ratio  of  volumes  approaches  unity. 
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METALLIC  ADDITIVES 
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Spectra  Technology 


Chemical  Additives 


Chemical  additives  may  be  used  in  the  form  of  electrolytes 
to  increase  the  number  of  ions  used  as  charge  carriers.  If  the 
right  additive  is  used,  the  net  mobility  of  the  ions  can  be 
increased.  Two  possibilities  include:  NaCI  because  it  is  already 
in  the  water  and  HCI  because  it  contributes  an  ion  (H+)  which  has 
the  highest  mobility  (see  chart).  From  a  standpoint  of 
conductivity  enhancement,  HCL  appears  to  be  the  best. 
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CHEMICAL  ADDITIVES 


I 


i 


C 

o 

o 

co 

CO 

o 

k- 

o 

c 

CO 

o 


*D 

T> 

< 


CO 

o 

•  mm 


■D 

G> 

*o 

TJ 

< 

0) 

£1 

c 

ns 

G 

CO 

c 

o 


#  • 


■  • 
G> 
T3 
3 

G 

C 

CO 

G> 

> 

IM 

■O 

T3 

< 

G> 

XI 

*co 

CO 

o 

Q. 


CD 


306 


Spectra  Technology 


Enhancement  vs.  %  Additive 


This  graph  indicates  the  percent  of  additive  needed  to  achieve  a  certain 
conductivity  enhancement  factor.  It  is  clear  that  HC1  is  the  most  volume 
efficient  additive.  To  increase  the  conductivity  by  a  factor  of  four,  one 
must  add  only  one  percent  pure  HC1.  To  achieve  the  same  increase  using 
NaCl  or  metal,  one  must  use  five  percent  or  seventy  five  percent 
solutions . 
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ENHANCEMENT  vs  %  ADDITIVE 
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Enhcncement  Using  HC1 


An  example  of  the  use  of  HC1  can  be  based  on  the  one  percent  additive  to 
achieve  a  factor  of  four  increase  in  conductivity.  Reasonable  torpedo 
parameters  are  used  to  calculate  an  efficiency  of  ten  percent  using  HC1  as 
an  additive.  This  requires  an  additive  pump  rate  of  15  gallons  per 
minute.  The  range  of  the  torpedo  (assuming  it  used  BC1  for  the  duration 
of  the  run)  is  limited  to  about  5  km  or  500  seconds  of  operation.  This 
appears  to  be  somewhat  limiting  for  some  torpedo  scenarios.  An 
alternative  is  to  use  HC1  for  short  bursts  of  high  acceleration  or  final 
high  speed  pursuit. 


ENHANCEMENT  USING  HCI 
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Spectra  Technology 


Chemical  Additives 


This  viewgraph  illustrates  an  assortment  of  potential  chemical  additives 
and  the  required  amounts  to  increase  the  conductivity  by  a  factor  of  4. 
Whereas  HC1  appeared  to  be  the  best  additive,  it  was  found  that  HC1  is  not 
available  with  concentrations  higher  than  37K.  The  best  candidate  appears 
to  be  NaOH.  Use  of  NaOH  requires  the  least  weight  and  the  least  relative 
volume  of  any  other  additive  in  the  survey.  A  slight  problem  with  NaOH  is 
that  it  is  a  solid  (powder)  and  must  be  mixed  well  in  the  water  channel  to 
effectively  increase  the  conductivity. 
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CHEMICAL  ADDITIVES 
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Spectra  Technology 


Mixing  of  Additives 


In  looking  at  the  technology  required  for  injection  of  additives,  it 
became  apparent  that  a  problem  which  needs  to  be  addressed  is  the  problem 
of  mixing  of  the  additive  with  the  seawater.  If  the  additive  is  not  mixed 
with  the  seawater,  it  will  not  effectively  modify  the  conductivity.  A 
quick  survey  of  the  literature  found  an  amazing  lack  of  information 
regarding  injection  and  mixing  of  electrolytes  in  water.  An  estimation 
was  made  based  upon  scaling  particle  mixing  in  gas  flows.  The  result  of 
the  estimation  exercise  indicated  that  a  length  of  40  times  the  injector 
nozzle  diameter  is  needed  mix  the  additive  with  the  water.  This 
translates  into  a  mixing  length  of  greater  than  40  cm.  For  torpedo 
applications,  this  may  be  an  unreasonable  length. 
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MIXING  OF  ADDITIVES 
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Spectra  Technology 


Conductivity  Reduction  Due  to  Bubbles 


Here  is  a  plot  of  the  effective  reduction  of  conductivity  due  to  bubbles 
in  the  conduction  channel.  It  is  estimated  that  even  under  worst 
conditions  the  bubble  gas  volume  will  not  exceed  58.  Therefore,  the 
reduction  of  conductivity  due  to  bubbles  should  not  exceed  10fl. 
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CONDUCTIVITY  REDUCTION  DUE  TO  BUBBLES 
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Spectra  Technology 


Operational  Scenarios  For  Conductivity  Enhancement 


It  does  not  seem  reasonable  to  expect  that  a  chemical  additive  would  be 
used  for  continuous  operation  unless  some  procedure  for  recovery  is  used. 
Since  such  a  recover  process  does  not  seem  practical,  one  must  think  of 
scenarios  under  which  chemical  additives  make  sense.  Propulsor  start  up 
is  a  very  inefficient  process.  Chemical  additives  could  be  used  to 
increase  the  start  up  efficiency.  Since  the  scaling  of  efficiency 
indicates  lower  efficiency  at  higher  speeds,  chemical  additives  could  be 
used  to  give  bursts  of  high  speed  at  higher  efficiencies.  High  levels  of 
acceleration  are  also  characterized  by  low  efficiency.  Chemical  additives 
could  be  used  to  give  higher  accelerations  for  the  same  expenditure  of 
power.  Finally,  chemical  additives  can  be  used  during  very  short  missions 
such  as  crossing  river  deltas  and  some  polar  operations. 
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OPERATIONAL  SCENARIOS 
FOR  CONDUCTIVITY  ENHANCEMENT 
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Summary 


Conductivity  can  be  enhanced  by  a  number  of  means.  Many  of  these  means 
appear  to  be  impractical.  Chemical  additives  appear  to  be  the  best 
candidates  with  NaOB  leading  the  choices  of  chemical  additives.  Chemical 
additives  do  not  appear  practical  for  all  applications  but  some  short  time 
operations  can  use  chemical  additives  to  increase  efficiency.  Several 
issues  have  been  identified  including:  selection  of  chemical  additives  (Is 
NaOH  really  the  best?),  injection  of  additives  (solid  injection),  mixing 
of  additives  in  the  flow  stream,  and  bubble  effects  on  conductivity, 
especially  near  the  electrodes. 
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1 .0  INTRODUCTION 

Research  of  maritime  magnetohydrodynamic  (MHD)  propulsion  was 
carried  out  extensively  during  the  sixties  (Ref.  1-9).  Subsequent  to 
this  period  a  decade  of  silence  on  the  subject  followed  during  which 
very  little  active  research  was  conducted.  However,  once  again  MHD 
propulsion  has  begun  to  receive  serious  attention  (Ref.  10-13) .  This 
resurgence  of  interest  has  been  driven  by  advances  in  technologies 
related  to  MHD,  in  particular,  superconducting  magnet  technology,  and  by 
the  need  for  advanced  propulsion  systems  for  both  industrial  and 
military  applications. 

On  the  international  scene,  one  of  the  more  publicized  and  ambitious 
efforts  for  the  development  of  maritime  MHD  is  being  pursued  in  Japan. 

The  Japan  Foundation  for  Shipbuilding  Advancement  has  established  a 
committee  to  research  and  develop  a  superconductive  electromagnetic 
propelled  vessel.  This  government  subsidized  research  has  a  total 
budget  of  around  $40  million.  The  scope  of  the  Japanese  research  is 
impressive.  It  includes  the  construction  and  testing  of  a  prototype 
experimental  ship.  The  schedule  for  this  project  calls  for  completion 
of  the  hull,  fitting  of  the  propulsion  system  and  preliminary  tests  of 
the  prototype  ship  by  1989.  Sea  trials  to  evaluate  the  ship  performance 
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are  scheduled  for  1990.  Characteristics  for  the  experimental  ship  and 
its  MHD  thrusters  are  summarized  in  Table  3 . 


TABLE  1 

PARAMETERS  OF  THE  JAPANESE  MHD  EXPERIMENTAL  SHIP 

Displacement : 

150  ton 

Length : 

22  m 

Breadth : 

10  m 

Thrust : 

8, 000  N 

Speed: 

8  Knots 

Propelling  system: 

Type : 

twin  propelling  units  with  6  dipole  coils 

ID  of 

duct :  0.26m 

Length  of  electrodes:  2.5  m 

B: 

4  T 

I max : 

4,000  amp/m2 

Lorentz  force:  8,000  N  x  2 

Thrust 

:  4,000  N  x  2 

Capacity  of  main  generator:  3,800  kw 

Total 

weight  of  the  system:  100  Tons 

Information  available  in  the  open  literature  has  indicated  that  an 
active  program  for  development  of  MHD  ship  propulsion  has  been 
continuous  in  the  Soviet  Union  for  many  years.  General  specifications 
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of  physical  features  and  performance  estimates  of  contemporary  Soviet 
naval  vessels,  in  particular,  submarines,  suggest  that  there  is  a  strong 
possibility  that  electromagnetic  propulsion  systems  may  currently  be  in 
use . 

Recently  the  U.S.  Navy  has  challenged  the  national  scientific 
community  to  review  the  current  state-of-the-art  in  MHD  and  to  project 
the  feasibility  of  applying  this  technology  to  meet  their  future  needs. 
The  two  primary  areas  for  utilizing  MHD  that  have  been  cited  are 
reduction  of  ship  drag  through  MHD  induced  turbulence/wake  suppression 
and  MHD  propulsion.  Several  features  of  MHD  propulsion  for  application 
to  both  surface  vessels  and  submersibles  are  most  attractive  to  the 
Navy.  Foremost  among  these  are  the  high  system  efficiency  and  ship 
speed  that  can  ideally  be  attainable  with  the  seawater  MHD  thruster.  In 
parallel  to  these  gross  advantages  are  other  unique  features  which  MHD 
offers,  such  as,  design  simplicity  from  both  the  operation  and  control 
viewpoints  and  the  stealth  characteristics  that  this  type  of  system  is 
capable  of  displaying.  In  combination  these  traits  are  especially 
desirable  for  advanced  submarines  and  torpedoes.  These  latter  two 
applications  are  those  for  which  accelerated  Naval  research  programs  are 
beginning  to  emerge. 

MHD  shows  definite  promise  of  being  the  choice  technology  for  future 
advanced  submarine  propulsion.  However,  its  rapid  deployment  into  use 
is  contingent  upon  detailed  clarification  of  several  unknowns  that  are 
related  to  the  seawater  MHD  process.  These  unknowns  need  to  be 
quantified  in  carefully  designed  laboratory  experiments. 
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2.0  IDEAL  MHD  THRUSTER  OPERATION 


The  electric  field  intensity  and  current  density  are  governed  by  the 
Ohm's  law, 

j  =  a  (e  +  u  x  b)  (1) 

— >  ^ 

where  j  is  current  density,  a  the  electrical  conductivity,  u  the  water 

velocity  and  B  the  magnetic  induction. 

For  a  thruster  the  electromagnetic  force  (Lorentz  force)  per  volume 

to  accelerate  the  fluid  is  given  by, 

F  =  j  x  B  (2) 

An  electromagnetic  efficiency  r|e  is  defined  as 


= 


Work  done  by  Lorentz  force/volume 
Electric  Power  Input/volume 


(3) 


Utilizing  Ohm's  law,  one  obtains 


(4) 


where  j^/O  is  Joule  dissipation,  \,j  x  B/  •  u  is  the  work  done  by  the 
Lorentz  force  and  j  •  E  is  electric  power  input,  all  per  unit  volume. 
To  obtain  the  total  current,  total  power  input,  and  so  on,  proper 
surface  or  volume  integrations  are  required. 
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In  one  dimensional  configuration,  the  above  equations  become 


j  =  O  (E  -  uB) 


(5) 


2  2  1  ” 

lE  =  OU  B  - 

2 

Tie 


(ID 


The  above  equations  represent  the  ideal  thruster  performance  character¬ 
istics.  Figure  1  is  current  density  and  electric  field  intensity  as 
function  of  the  electromagnetic  efficiency  for  several  values  of  uB  and 
at  a  conductivity  of  4.5  mhos/m.  It  can  be  seen  for  a  given  current 
density  or  electric  field  intensity,  the  efficiency  increases  with 
increasing  uB.  Therefore,  the  electromagnetic  thruster  favors  high 
speed  and  high  magnetic  induction.  For  example,  with  B  =  10T, 
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u  *=  10  m/s  and  an  electric  fieJd  intensity  of  500  v/m,  the  corresponding 
efficiency  is  20  percent.  This  gives  the  current  density  of  1,800 
amp/m2.  However,  if  the  velocity  is  increased  to  20  m/s,  then  the 
corresponding  efficiency  is  increased  to  40  percent  but  the  current 
density  is  decreased  to  1,350  amp/m2.  This  means  that  for  a  required 
thrust,  larger  thruster  is  required.  This  gives  the  designer  the 
freedom  to  trade-off  several  parameters,  for  example,  operating  at  a 
different  electric  field  intensity.  Similarly,  one  can  keep  a  given 
current  density  and  find  the  corresponding  efficiency  and  electric  field 
intensity.  Once  the  values  of  r)e  and  uB  are  known,  the  electric  power 

required  per  volume  and  work  done  by  the  Lorentz  force  and  Joule 
dissipation  per  volume  can  be  found  from  Figure  2.  At  uB  =  100,  the 
power  required  per  volume  is  0.9  MW/m3  and  the  work  done  by  the  Lorentz 
force  per  volume  is  0.18  MW/m3.  The  difference  between  the  two  values  is 
the  Joule  dissipation  (0.72  MW/m3)  .  On  the  other  hand,  when  uB  =  200, 
the  power  input  per  volume  is  0.675  MW/m3  and  the  work  done  by  the 
Lorentz  force  is  0.27  MW/m3  and  the  Joule  dissipation  per  volume  is  0.405 
MW/m3 . 

3.0  LOSS  MECHANISMS  OF  ELECTROMAGNETIC  THRUSTER 

Like  all  devices,  the  physical  and  chemical  processes  occurring  are 
far  more  complex  than  the  ideal  one-dimensional  picture.  Figure  3  shows 
the  inherent  three-dimensional  nature  of  an  electromagnetic  thruster  and 
the  various  loss  mechanisms.  At  the  inlet  of  the  thruster  there  are 
boundary  layers  and  possible  cross-flows  or  swirl  depending  on  the  inlet 
geometry.  The  electrolysis  process  will  generate  hydrogen  gas  at  the 
cathode  and  chlorine  gas  at  the  anode.  Due  to  buoyancy,  gas  bubbles 
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Figure  2.  Electric  Power  and  Work  Done  by  Lorentz  Force 
per  Volume  Versus  Electromagnetic  Efficiency 
for  an  Ideal  Electromagnetic  Thruster 


il  Velocity  Profiles 


will  rise  and  interact  with  the  seawater.  However,  the  horizontal 
electrode  located  on  the  top  of  the  thruster  will  experience  a  different 
situation.  The  gas  bubbles  will  tend  to  stick  on  the  electrode  due  to 
the  buoyancy  force.  Consequently,  the  bubbles  may  break  and  form  a  gas 
pocket  or  film.  The  non-conducting  gas  may  cause  severe  losses  to  limit 
electric  current  to  flow  (increased  voltage  drop) ,  cavitation  and 
electrode  corrosion.  Different  electrode  orientation  and  wall  suction 
can  reduce  these  losses.  However,  there  are  no  data  available  to 
quantify  these  effects.  In  addition  to  the  electrical  conductivity 
degradation,  bubble  boundary  layer  may  increase  the  friction  loss. 

Additional  factors  also  come  into  play  in  the  electromagnetic 
thruster.  Vehicle  velocity  plays  an  important  role  as  bubbles  will  be 
swept  away  by  the  seawater.  Chlorine  generated  at  the  anode  will 
immediately  undergo  hydrolysis.  Hydrogen  bubbles  will  dissolve  in  the 
seawater  within  a  fraction  of  a  second.  This  means  that  for  very  long 
thruster,  hydrogen  generated  upstream  will  be  partially  dissolved 
downstream.  Consequently,  the  signatures  caused  by  hydrogen  bubbles 
will  not  be  important  for  downstream.  However,  the  effect  of  hydrogen 
gas  on  the  local  electrical  conductivity  and  the  bubble  boundary  layer 
will  be  important.  The  lack  of  quantitative  data  prevent  the  accurate 
prediction  of  thruster  performance,  configuration  optimization  and 
design . 

4.0  ELECTROLYSIS 

4.i  Sea  Water  Eieciroiysis  Reactions 

Although  the  dominant  chemical  species  dissolved  in  seawater  is  salt 
(NaCl),  seawater  is  known  to  contain  several  trace  species  whish  could 


possibly  electrolyze.  A  representative  study  of  the  affinity  for 
electrolysis  of  many  species  is  given  in  reference  14.  Following  the 
results  of  this  study,  it  is  noted  that  at  the  anode  species  will  be 
oxidized  whereas  at  the  cathode  a  reduction  reaction  occurs.  The 
dominant  oxidization  reactions  which  can  occur  at  the  anode  are 


(1) 

2H20 (1)  -*  02(g)  + 

4H-(aq) 

* 

Eo  =  1.23  V 

(2) 

2Cl-(aq)  -♦  Cl2(g) 

+  2e“ 

: 

Eo  =  1.36  V 

where  Eo  represents  the  standard  reduction  potential  for  each  of  these 
reactions.  The  lower  reduction  potential  noted  for  H2O  suggests  that 
water  should  be  preferentially  oxidized  at  the  anode.  However,  static 
laboratory  experiments  have  found  that  the  dominant  gas  liberated  at  the 
anode  is  chlorine  (CI2)  rather  than  oxygen  (O2) .  The  reason  determined 
for  this  discrepancy  is  that  it  was  found  that  the  potential  required  to 
initiate  the  first  reaction  is  considerable  higher  than  that  required  to 
initiate  the  chlorine  reaction. 

Three  dominant  reduction  reactions  are  possible  at  the  cathode: 


(3) 

Na+ (aq) 

+  e~ 

-*  Na (s)  : 

Eo  =  2.71  V 

(4) 

2H20 (1) 

+  2e- 

-»  H2  (g)  +  20H~(aq) 

:  Eq  =  0.83  V 

(5) 

2H+ (aq) 

+  2e- 

”♦  H2 (g)  : 

Eo  =  0.0  V 

Due  to  the  negligible  reduction  reaction  potential,  reaction  (5)  is  most 
preferential  over  the  others.  However,  free  atomic  hydrogen  ions  (H2+) 
concentrations  are  too  low  of  a  concentration  in  water  with  salinity 
comparable  to  that  of  seawater  to  make  reaction  (5)  dominate.  Rather  it 
is  the  direct  reduction  of  liquid  water  (H2O)  to  hydrogen  gas  (H2)  and 
the  hydroxide  ion  (OH-)  which  dominates,  reaction  (4) .  For  seawater  with 
high  salir __y,  or  in  the  case  where  seeding  is  used  in  the  MHD  thruster, 
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this  may  not  be  the  case.  However,  in  all  situations  hydrogen  gas  is 
liberated  at  the  cathode. 

4.2  Effect  of  Bubbles  on  Seawater  Electrical  Conductivity 

As  has  been  cited  in  the  above  section,  the  electrolysis  process 
will  produce  noncondi cting  gas  bubbles  which  when  mixed  with  the 
seawater  will  reduce  its  bulk  conductivity.  This  effect  will  degrade 
the  MHD  thruster  performance.  To  illustrate  the  degree  to  which 
thruster  performance  may  be  affected  by  electrolysis,  the  following 
discussions  provide  some  detail  as  to  the  physics  which  governs  the 
electrolysis  and  bubble  generation  processes. 

To  determine  the  bulk  electrical  conductivity  of  a  bubble-water 
stream  typical  to  the  environment  inside  the  MHD  thruster  requires 
knowledge  of  subtle  characteristics  of  the  bubble  dynamics.  Such 
criteria  as  gas  generation  rates,  bubble  size  and  distribution  are 
required.  These  characteristics  are  difficult  to  define  for  the 
bubbling  stream  since  the  dynamic  history  of  the  bubbles  is  not 
necessarily  a  stochastic  process.  That  is,  the  nature  by  which  bubbles 
interact  with  the  turbulent  carrying  phase  is  uncertain.  Such 
definitions  are  further  complicated  by  the  fact  that  the  individual  gas 
bubbles  will  exhibit  chaotic  motion  in  the  stream  driven  by  a  variety  of 
body  forces,  i.e.,  assume  arbitrary  shapes,  become  deformed,  pulsate, 
and  periodically  break-up  and  coagulate.  Therefore,  it  is  noted  here 
that  unverified  assumptions  are  necessary  to  develop  a  phenomenological 
of  the  turbulent  bubble  dynamic  process.  The  most  confident  means  of 
achieving  a  knowledge  of  the  effect  of  electrolysis  on  seawater 
conductivity  remains  through  experiment  and  direct  measurements. 


Let  9  be  the  average  volumetric  fraction  of  gas  content  in  the 
stream.  Assume  that  the  bubbles  are  spherical  with  radius  r.  Let  the 
thruster  length  be  1,  width  be  w  and  distance  between  electrodes  be  d. 
Then  the  densest  packing  of  bubbles  gives  the  value  of  cpmax>  where 


(Vqas 


3  3 
—  Kr 

4 


I  d  \  I  1  \  (  w 
\2r )  \2rj  \2r, 


The  electrical  conductivity  reduction  due  to  the  presence  of  bubbles 
is  given  by  (Ref.  15) 


1  =  — 


_  9k  2 
1  -  —  m 
\16  , 


where  a  is  the  liquid  conductivity,  Oef  is  the  effective  electrical 

conductivity  in  the  bubbling  stream. 

From  (pmax  we  can  obtain  oef*  as 


0 


=  0.215 


1 

4 


The  above  equation  states  that  at  (pmax  =  n/6,  the  minimum  effective 
conductivity  CJef*  is  about  1/5  of  the  liquid  conductivity  0.  Figure  4  is 
a  plot  of  Equation  (13)  when  bubbles  do  not  break  up  to  form  large 
pocket  or  film. 


When  the  dynamics  of  bubbles  are  taken  into  consideration,  Vasilev 
showed  that  the  volumetric  gas  content  cp can  be  determined  by  (Ref.  16) 


(14) 


<p  =  _J _ OT _ 

2 Vy  F  p0  +  2I/r0 

where  j  is  current  density,  F  the  Faraday  number,  IF  *=  96,500  C,  R  is 
universal  gas  constant,  po  is  the  pressure  at  the  duct  entrance,  I  is 
the  coefficient  of  surface  tension  at  the  interphase  boundary,  and  ro  the 
breakaway  bubble  radius. 

Substituting  (f>max  =  ft/ 6  into  Equation  (14)  allows  us  to  determine 
the  value  of  jmaX, 


=  _  V  p0  +  2  — 


_F_ 

RT 


(15) 


Equation  (15)  indicates  that  the  thruster  may  not  function  (e.g.,  jmax 
too  low)  if  the  buoying  velocity  of  the  bubbles  is  too  low.  This 
suggests  that  the  electrode  configuration  is  very  important  for  optimum 
thruster  performance. 


5.0  FLUID  MECHANICS 

Fluid  mechanics  plays  a  very  important  role  for  both  surface  ships 
and  submerged  vehicles.  Water  is  the  environment  where  ships  travel, 
consequently  fluid  mechanics  to  ships  is  equivalent  as  aerodynamics  to 
flying  vehicles.  For  a  MHD  seawater  thruster,  it,  in  many  ways, 
resembles  an  air  breathing  engine.  Consequently,  fluid  mechanics  takes 
on  an  added  dimension  to  the  traditional  role  which  fluid  mechanics  has 
played  in  ships.  Furthermore,  the  interactions  of  seawater  with 
electromagnetic  fields  further  complicated  the  importance  of  fluid 
mechanics . 

Due  to  the  presence  of  the  electrolysis  process,  the  electrical 
conductivity  of  the  seawater  inside  the  thruster  is  no  longer  constant. 
In  turn,  the  current  density  and  Lorentz  force  will  be  non-uniform.  The 
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conventional  boundary  layer  also  plays  an  important  role  regarding  both 
acceleration  and  friction  losses. 

In  addition  to  the  thruster  itself,  both  the  inlet  and  the  wake  are 
also  important  to  the  overall  performance  and  detections.  The  inlet 
must  produce  a  uniform  velocity  profile  with  thin  boundary  layers.  The 
wake  drag  and  signature  must  be  minimized  for  submarine  and  torpedo 
applications . 

6.0  A  RECOMMENDED  EXPERIMENTAL  PROGRAM 

Much  of  the  uncertainties  of  the  seawater  electromagnetic  thrusters 
is  due  to  the  lack  of  fundamental  data.  It  is  recommended  that  a 
rigorous  experimental  program  be  established  to  quantify  the  various 
mechanisms  which  affect  the  performance  of  the  thruster. 

The  University  of  Tennessee  Space  Institute  has  an  existing 
cryogenic  cooled  6  Tesla  magnet.  Figure  5  shows  the  6T  magnet  layout. 
Figures  6  and  7  show  the  center  line  field  strength  distribution  across 
the  pole  faces  and  the  voltage-current  pulse  characteristics.  Table  2 
is  the  magnet  design  characteristics.  The  magnet  is  an  excess  property 
from  the  U.S.  Air  Force  and  now  belongs  to  The  University  of  Tennessee 
Space  Institute  (UTSI) .  UTSI  plans  to  make  space  available  for  the 
installation  of  the  magnet  in  the  near  future.  Power  supply,  however, 
is  not  available  for  the  magnet . 

The  test  facility  is  shown  schematically  in  Figure  8.  The  test 
section  dimensions  are  selected  to  fit  the  inside  of  the  magnet's 
opening  and  allow  additional  space  for  accessing  the  area  for  optical 
instrumentation.  In  order  to  obtain  basic  scientific  data,  a 
rectangular  shaped  cross  section  is  preferred  to  a  circular  or  any  other 
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Figure  7.  Transient  Operational  Characteristics  of  the  Magnet 


TABLE  2 


Current 
Voltage 
Power 
Amp  Turns 
Time 


6,000  Amps 
315  Volts 
1.89  MW 
2.69  x  10' 

15  seconds  (@  Field  >  4.5  T) 
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Compressed  Air  Tank  _  H.P.  (200  Atm) 

(200  Atm  Pressure;  ■  —  Air  Compressor 
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Schematic  Overall  Facility  Layout 


shape.  With  these  considerations,  the  test  section  is  determined  as 
5cm(W)  x  5cm(H)  x  120  cm(L)  with  a  square  cross  section,  horizontally 
mounted  open  circuit.  The  electrodes  can  be  placed  either  horizontally 
or  vertically  depending  on  the  magnet  orientation.  The  side  plates  will 
be  equipped  with  optical  windows  for  a  direct  viewing  of  electrodes. 
Other  parameters  are: 
p  =  1.02  kg/1 

Umax  =  30  m/sec 
0=4.5  mhos/m 

B  =  6  T 

Se  =  electrode  area  =  lw  =  120  x  5  cm2 
The  maximum  volume  flow  rate  is  Q  =  uA  =  75  1/s  =  1.189  GPM. 

The  amount  of  power  required  to  operate  the  thruster  can  be 
calculated  below,  tising  Ohm's  lav  we  have  the  power  density  as 

,  2 

jE  =  juB  +  -2— 

a 

The  total  power  to  the  tnruster  is 


2 

IV  =  luBd  +  — 
LO 


The  power  consumed  for  electrolysis  IV0  (V0  =2.19  volts  for  NaCl 
solution)  can  be  added  to  the  above  equation  and  we  obtain  the  total 
power  required  as 

IV  =  IuBd  +  I2R  +  IV0 

where  the  first  term  represents  the  power  used  for  acceleration,  the 
second  term  is  dissipation  (Joule  heat)  and  the  last  term  is  power 
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consumed  by  the  electrolysis  effects,  which  is  much  smaller  than  the 
other  two  terms. 


Figure  9  shows  the  power  requirement  for  current  density  up  to 
1  amp/cm2,  while  Figure  10  shows  the  low  current  range,  up  to 
0.1  amp/cm2.  Power  required  for  electrolysis  is  also  shown  in  these 
figures  which  can  be  added  to  obtain  the  total  power  requirement. 
Figure  10  also  shows  the  dissipation  loss  curve,  IR2. 

To  estimate  the  amount  of  gases  generated  by  the  electrolysis 
process,  let  us  assume 

j  =  0.5  amp/cm2,  thus 
I  =  jSe  =  300  amperes 
From  Faraday's  law  we  obtain, 

CI2  =  300  x  0.3674  x  10"3  g/sec  =  1.102  x  10-1  g/sec 
H2  =  300  x  0.0104  x  10"3  g/sec  =  3.12  x  10"3  g/sec 

The  volume  of  the  gases  under  standard  conditions  are: 

VHj=  (3.12  x  10‘3  g/sec)  /  (0.09  g/1)  =  3.46  x  10_2  1/sec 

Vcl?  =  (1.102  x  10  1  g/sec)  /  (3.19  g/1)  =  3.46  x  10  1/sec 

VH?0  =  75  1/sec 


.09% 


The  volume  of  the  gases  is  very  small  as  compared  to  the  total 


volume  of  the  duct.  The  effects  on  electrical  conductivity  is 


insignificant  if  the  bubbles  are  uniformly  dispersed  in  the  liquid. 


However,  it  is  not  known  how  the  bubbles  are  distributed  near  the 


electrode  surfaces,  nor  do  we  know  whether  a  film  of  gas  will  form.  The 
latter  is  detrimental  to  the  electrical  conductivity.  Investigating 


Figure  9.  Power  Requirement  as  Function  of  Current  Density 
(5  cm  x  5  cm  x  120  cm  channel) 
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bubble  boundary  layer  and  its  effects  on  the  electrical  performance  of 
the  thruster  is  one  of  the  key  issues  needed  to  be  addressed. 


7.0  CONCLUSIONS 

Ideal  thruster  performance  characteristics  are  presented  and  various 
loss  mechanisms  of  seawater  electromagnetic  thrusters  are  discussed. 

The  lack  of  quantitative  experimental  data  seriously  impact  the  ability 
to  accurately  predict  the  thruster  performance,  optimize  thruster 
configuration  and  engineering  data  for  design.  It  is  recommended  that  a 
rigorous  experimental  program  be  initiated  to  investigate  the 
fundamental  issues  of  fluid  mechanics,  electrolysis  and  thruster 
performance  characteristics. 
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Abstract 

The  MHD  submarine  propulsion  and  pumping  concepts  offer  the  advantage  of  having  no  external 
moving  parts,  such  as  a  propeller  or  turbine  rotor,  to  produce  acoustic  noise.  At  first  sight  such  a  system 
would  therefore  appear  to  be  much  quieter.  However,  the  passage  of  an  electrical  current  in  seawater  may 
produce  gas  bubbles  which  can  affect  the  performance  and  the  acoustic  signature  of  such  thrusters. 

This  paper  examines  some  of  the  scientific  and  technical  issues  to  be  resolved  to  ensure  the 
attractiveness  of  the  seawater  MHD  propulsion  and  pumping  concepts.  The  emphasis  is  placed  on  the 
generation  of  bubbles  on  the  surface  of  the  electrodes  and  the  possible  sources  of  acoustic  signature  from 
them.  Also  reported  are  preliminary  experiments  performed  in  the  STD  Research  Corporation  Electrode 
Testing  Rig  (STD-ETR)  on  the  formation  of  gas  bubbles  in  seawater  and  saltwater. 


1.  INTRODUCTION 

STD  Research  Corporation  has  supported  work  in  saline  water  MHD  since  the  company  was 
founded  in  1964.  Early  work  was  directed  towards  the  realization  of  a  practical  MHD  pump  for  conducting 
liquids  including  seawater,  and  a  seawater  MHD  thruster.  This  field  has  been  the  subject  of  a  low-level, 
long  term  effort  at  STD  Research  Corporation  throughout  the  years,  since  it  lies  within  an  area  of  great 
interest  to  the  company. 

It  should  be  noted  that  STD  Research  Corporation  has  built  and  used  several  types  of  saltwater 
MHD  test  facilities.  One  of  these  facilities  was  used  in  a  prize-winning  Science  Fair  project  in  1986 
Recently,  STD  Research  Corporation  has  performed  theoretical  calculations  on  fluid  dynamic  aspects  of 
bubble  generation  by  hydrolysis  and  has  put  in  operation  a  pressurized  saltwater  electrode  testing  rig 

We  have  found  in  our  theoretical  work  that  the  two  problems  of  bubbles  and  hydrodynamics  are 
inextricably  tied  together  for  a  large  number  of  interesting  conditions,  and  that  the  omission  of  the  bubble 
problem  from  the  incompressible  flow  problem  often  leads  to  trivial  results  In  our  experimental  work,  we 
have  found  that  there  is  no  substitute  for  the  study  of  the  real  working  fluid  (seawater),  and  that  results 
obtained  at  atmospheric  pressure  conditions  may  be  much  different  than  results  at  depth 
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2.  BUBBLE  DYNAMICS  OF  SEAWATER  MHD  THRUSTERS 
2.1  Bernoulli  analysis  of  MHD  thrusters 

The  operation  of  ideal  seawater  MHD  thrusters  can  be  analyzed  if  it  is  assumed  that  the  flow  is 
incompressible  and  inviscid.  The  Bernoulli  equation  can  easily  be  modified  to  take  account  of  the  Lorentz 
force.  The  Bernoulli  equation  then  becomes 

1  et  j 

Pa  +  ^Pu,ua2  +  J  J(x)B(x)dx  =  pb  + -pwuk2,  (1) 

where  p  is  the  static  pressure,  u  is  the  flow  velocity,  J(x)  is  the  local  current  density,  B(x)  is  the  local 
magnetic  field,  pw  is  the  density  of  water  and  the  subscripts  refer  to  each  section  a  and  b,  respectively. 
Also  used  is  the  continuity  equation,  i.e.,  uaAa  =  ukAk. 

For  the  general  analysis  of  an  MHD  thruster,  the  following  convention  will  be  used  for  the  flow 
in  the  frame  of  reference  of  the  thruster  (cf.  Fig.  1):  Station  0  refers  to  upstream  infinity  of  a  streamtube 
passing  through  the  thruster,  stations  1  and  2  refer  to  the  thruster  inlet  and  outlet,  respectively,  and 
station  3  refers  to  downstream  infinity  of  the  same  thruster  streamtube.  In  the  frame  of  reference  of  the 
stationary  water,  the  speed  of  the  thruster  is  thus  tio-  At  stations  0  and  3  the  pressure  matches  that 
of  the  surroundings,  and  thus  corresponds  to  the  hydrostatic  pressure  poo  in  the  water  at  the  depth  of 
operation  of  the  thruster.  The  pressure  in  the  flow  field  near  the  exit  of  the  thruster  is  probably  not  equal 
to  the  hydrostatic  pressure  in  the  water  at  the  depth  of  operation  of  the  thruster  because  of  the  external 
hydrodynamics  of  the  outer  shell  of  the  thruster.  Since  p2  matches  the  outside  pressure  at  the  exit,  which 
is  not  necessarily  po,  there  is  a  pressure  difference  between  the  exit  of  the  thruster  and  water  at  infinity 
However,  the  assumption  that  p2  =  Po  is  usually  made  for  simple  Bernoulli-type  analyses,  as  is  shown  in 
the  figure. 


illl . . Mil Ml . MMMMMMI MM  I  M  Mill  •■■■  M  I . . 

CONTROL  VOLUME 


Fig.  1.  Control  volume  for  Bernoulli  analysis  of  MHD  thrusters. 
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Various  geometries  can  be  studied.  The  simplest  is  the  constant  area  thruster  without  inlet 
diffuser  and  exhaust  nozzle  (Fig. 2).  From  continuity,  the  inlet  and  outlet  velocities  are  equal,  i.e.,  uj  =  u2 
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In  the  limit  that  the  thrus  ;r  is  short,  the  well-known  actuator-disc  propeller  theory  ( e.g .,  cf.  Ref.  1,  p. 
674)  can  be  used  to  compute  the  MHD  channel  flow  velocity  uj  and  the  exhaust  pressure  as  a  function 
of  submarine  speed  and  MHD  parameters.  These  results  are: 


«1  =  «2  =  2^0  + 


i(- 


0  + 


2JBL\^ 
Pw  ) 


(2) 


and 

1  o  ,3  1  /  ,  2 JBL 

P2  —  PO  +  ^Pu'u0  +  DL  —  -pwltQ  -f  — — — 

Even  though  L  is  small  for  this  particular  case,  JBL  can  be  finite.  It  is  seen  that  there  can  be  a  large 
pressure  difference  between  the  exit  of  the  thruster  and  the  far  field  in  this  case,  and  a  vena  contracta  is 
necessary  in  the  slipstream  of  the  thruster  to  provide  for  the  pressure  adjustment. 


f 


Fig.  2.  Schematic  of  constant  area  MHD  thruster  without  inlet  diffuser  and  exhaust 
nozzle.  Note  that  the  exit  pressure  of  the  thruster  is  matched  with  the  pressure 
around  the  exhaust  area  pe,  and  that,  because  of  hydrodynamics  of  the  thruster 
external  shell,  pt  ^  po- 

9231 


For  larger  aspect  ratios  (i.e.,  L/D  >  3),  the  flow  field  for  the  constant  area  thruster  without  inlet 
diffuser  and  exhaust  nozzle  tends  to  a  condition  in  which  the  exit  pressure  is  ideally  matched  with  that  of 
the  surroundings  at  infinity,  and  the  slipstream  is  comprised  of  parallel  streamlines.  For  this  case,  simple, 
ideal,  1-D  Bernoulli  analyses  are  not  sufficient,  mainly  because  of  complex  inlet  phenomena. 

Pressure  matching  between  the  exhaust  jet  coming  out  from  the  thruster  and  the  now  field 
surrounding  the  back  end  of  the  device  has  at  least  two  important  implications.  First,  the  drag  penalty 
incurred  if  significant  entrainment  of  fluid  in  the  shear  layer  separating  the  streams  issuing  from  inside 
and  outside  the  thruster  must  be  considered.  This  phenomenon  is  also  present  in  propeller-driven  devices 
Second,  if  bubbles  are  present  in  the  exhaust  trail  of  the  thruster,  a  pressure  mismatch  at  some  point 
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between  the  exit  of  the  thruster  (station  2)  and  downstream  infinity  (station  3)  will  lead  to  acoustic  noise 
generation  by  bubble  oscillation. 

Although  pressure  matching  along  any  exhaust  streamline  is  not  possible,  the  pressure  mismatch 
can  be  made  smaller  by  careful  design  of  the  internal  geometry  and  electromagnetic  parameters  of  the 
thruster.  These  problems  can  be  addressed  by  the  use  of  the  incompressible  versions  of  the  STD/MHD 
computer  codes  to  obtain  more  elaborate  and  realistic  solutions  that  include  boundary  layer  effects  such  as 
separation,  vorticity,  2-phase  (bubble)  flows,  etc. 


2.2  Bubble  Phenomena 

The  passage  of  an  electric  current  through  seawater  can  lead  to  effects  with  positive  or  negative 
implications  for  the  performance  and  quietness  of  an  MHD  propulsion  device.  These  include:  chemical 
reactions  taking  place  at  the  electrodes,  modification  of  fluid  mechanics  of  the  flow  over  the  electrodes  by 
bubble  generation  and  Ohmic  heating.  This  section  will  look  more  closely  at  gas  bubble  creation  and  its 
subsequent  effects  on  the  electrical  and  fluid  dynamical  electrode  phenomena. 


2.2.1  Electrode  Chemistry 

Without  taking  into  account  the  chemical  reactions  involving  the  electrode  material  itself,  some 
very  important  chemistry  takes  place  at  both  the  cathode  and  anode  when  they  are  used  to  pass  an 
electrical  current  through  seawater.  From  a  standpoint  of  activation  energy,  the  chemical  reactions  in 
saltwater  are  possible  only  if  the  applied  voltage  is  at  least  greater  than  the  voltage  required  for  each 
individual  chemical  reaction.  For  simplicity,  only  the  sodium  chloride  component  of  seawater  is  considered 
here:  At  the  anode,  Cl-  ions  combine  to  form  chlorine  gas  (CI2)  and  water  electrolyzes  to  form  oxygen  gas 
(O2).  At  the  cathode,  H+  ions  combine  and  water  electrolysis  takes  place  to  form  hydrogen  gas  (H2)  If 
the  applied  voltage  is  greater  than  1.36  Volts,  then  all  those  reactions  are  possible.  If  real  seawater,  which 
has  a  more  complicated  composition  than  the  simple  NaCl  solution,  is  considered,  then  more  complex 
chemical  reactions  would  take  place.  Preliminary  experimental  observations  in  the  STD-Electrode  Testing 
Eig  have  shown  a  marked  difference  in  the  bubble  dynamics  between  salt  solutions  and  real  seawater. 

Chemical  reactions  involving  the  electrode  material  may  be  undesirable  from  at  least  two 
standpoints.  First,  the  degradation  of  the  electrodes  would  cause  their  surface  to  become  non-uniform 
and  lead  to  an  increase  in  drag,  and  therefore  degrade  the  performance  of  the  thruster.  Second,  the 
products  formed  by  these  reactions  can  accumulate  on  the  surface  of  the  electrodes  or  on  other  underwater 
components  as  scale  deposits,  or  could  increase  detectability  by  leaving  an  exhaust  trace  of  different 
properties,  such  as  color  or  pH,  than  that  of  the  surrounding  seawater.  However,  it  should  also  be  noted 
that  chemical  reactions  involving  the  electrodes  can  be  used  advantageously  to  increase  the  conductivity  of 
the  MHD  working  fluid  and  to  suppress  bubble  formation. 


2.2.2  Bubble  Formation 

Possible  adverse  effects  of  the  formation  of  gas  on  the  surface  of  the  electrodes  include  the  increase 
of  the  effective  resistance  of  the  solution,  which  would  prevent  the  desired  electrical  current  density  to  be 
carried  from  one  electrode  to  the  other.  Furthermore,  the  exhaust  of  a  large  amount  of  bubbles  behind  the 
thruster  would  cause  a  trail  which  might  be  observable.  If  the  bubbles  experience  a  pressure  gradient  at 
the  exit  of  the  thruster,  an  acoustic  signature  might  be  produced  by  bubble  oscillation. 

Assuming  that  all  the  gas  produced  at  the  electrodes  forms  into  bubbles,  and  if  surface  tension  is 
neglected,  then  the  volumetric  rate  of  gas  formation  can  be  obtained.  At  the  cathode,  where  the  arrival 
of  two  electrons  causes  the  formation  of  one  hydrogen  gas  molecule,  the  volumetric  rate  of  production  of 
hydrogen  gas  Qu,  (in  m3/s  at  0°C)  is  given  by: 


Qh,  = 


K1 

Pamb 


(4) 


where  I  is  the  total  current  passing  through  the  electrode  (in  Amperes).  pamb  is  the  ambient  absolute 
pressure  (in  atmospheres  or  Pascals)  and  £  =  1.16  x  10-2kg  •  m2/A  •  s3  =  1.16  x  10-7m3  •  atm/ A  •  s. 
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The  formation  of  gas  at  the  anode  can  also  be  calculated,  but  because  both  oxygen  and  chlorine 
gases  are  formed  there,  it  is  necessary  to  know  the  chemical  processes  in  more  detail.  However,  the  total 
volumetric  gas  formation  at  the  cathode  can  never  exceed  that  at  the  anode,  and  therefore,  the  value  for 
hydrogen  formation  can  be  used  as  an  upper  bound  for  the  combined  formation  of  oxygen  and  chlorine  gas 
bubbles. 

Another  important  consideration  about  the  formation  of  gas  bubbles  at  the  electrodes  is  their 
size.  Many  factors  could  influence  the  size  of  the  bubbles  forming  on  the  electrodes.  The  ambient  pressure 
Pamk  is  a  primary  factor,  along  with  surface  tension  since  they  are  related  to  the  bubble  radius  R  by: 
P»  =  Pamb  +  where  pj  is  the  gas  pressure  inside  the  bubble.  Other  possible  factors  include:  (il  the 
current  density  supplied  to  the  electrodes,  (ii)  the  electrode  material  and  the  number  and  size  of  possible 
nucleation  sites,  (iii)  the  electrode  geometry,  (iv)  the  water  flow  velocity,  which  influences  the  shearing 
forces  under  which  the  bubbles  must  form,  (v)  the  water  temperature,  which  affects  both  the  solubility  of 
the  gas  and  the  surface  tension  of  the  gas-water  interface,  and  (vi)  the  actual  composition  of  the  seawater, 
which  affects  electrode  chemistry. 

After  they  are  formed,  the  bubbles  are  entrained  by  the  water  flowing  in  the  duct.  The  size  of  the 
bubbles  affects  the  time  taken  by  the  bubbles  to  relax  to  the  velocity  of  the  water  flow  and  also  determines 
their  vertical,  buoyancy-induced  velocity.  Furthermore,  the  bubble  size  influences  the  time  taken  for  the 
gas  within  a  bubble  to  dissolve  into  the  water  surroundings  and  affects  the  acoustic  energy  when  a  bubble 
undergoes  a  volume  change  because  of  a  pressure  gradient.  These  issues  are  examined  in  more  detail  in  the 
following  sections. 


2.2.3  Bubble  velocity  relaxation 

The  effect  of  the  gas  bubbles  on  the  water  flow  inside  the  MHD  channel  depends  primarily  on  the 
relative  velocity  between  the  bubbles  and  the  water  flow.  If  there  is  a  large  velocity  difference,  a  boundary 
layer  will  form  on  the  surface  of  the  bubble  itself,  leading  to  an  increase  in  mass,  momentum  and  energy 
transfer  by  molecular  diffusion,  viscosity  and  conduction,  respectively.  If  the  relative  velocity  is  very  large, 
high  strain  rates  may  even  shred  the  bubble  to  pieces.  If  there  is  no  relative  velocity  between  the  bubbles 
and  the  water,  then  the  analysis  for  the  dissolution  and  cooling  of  the  bubbles  is  also  greatly  simplified 

The  time  tu  taken  by  a  stationary  gas  bubble  to  be  accelerated  by  a  water  flow  to  the  velocity 
uw  of  water  can  be  evaluated  by  considering  the  sum  of  the  forces  on  a  single  accelerating  bubble.  If 
the  Reynolds  number  (=  pwuwF/pw,  where  pa  is  the  dynamic  viscosity  of  water)  for  the  flow  over  the 
spherical  bubble  is  small  enough  he  drag  force  D  on  the  bubble  is  obtained  by  modifying  Stokes’  formula 
to  account  for  the  fact  that  the  shear  field  on  a  bubble  is  different  than  that  on  a  solid  sphere  ( cf  e.g  , 
Ref.  2.  Then,  the  time  taken  by  a  bubble  to  be  accelerated  to  99  percent  of  the  water  velocity  is  given  by: 


R?Pu 

Pu- 


(5) 


It  is  seen  that.  (u  is  independent  of  the  bubble  gas  density  and  of  the  velocity  of  the  water  flow  For  typical 
values  of  bubble  size  of  R  =  10  pm,  then  iu  «  0.1  ms  and  for  R  =  100  pm,  then  <u  «  10  ms,  Since  the 
residence  time  ti  =  L/u  of  the  flow  inside  the  MHD  channel  is  usually  much  larger  than  this,  then  it 
can  be  assumed  that  most  of  the  bubbles  are  at  rest  with  respect  to  the  water  flow  throughout  the  MHD 
channel.  However,  one  should  keep  in  mind  that  this  simple  analysis  neglects  the  mutual  interaction  of  iii° 
bubbles.  Therefore,  the  time  taken  by  the  bubbles  to  come  to  rest  with  respect  to  the  water  flow  might  be 
longer  because  the  bubbles  might  be  coalescing  in  bunches. 


2.2.4  Buoyancy-Induced  Vertical  Velocity  of  Bubbles 

By  the  same  type  of  analysis  presented  in  the  previous  section,  the  terminal  velocity  induced  by- 
buoyancy  forces  on  the  bubbles  can  be  computed  as: 


ns 


(6) 
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For  example,  for  R  =  10  pm,  then  ug  ss  0.3  mm/«  and  for  R  =  100  pm,  then  uj  «  3  cm/s.  For 
typical  bubble  residence  times  inside  the  MHD  ‘.hruster,  the  vertical  displacements  associated  with 
buoyancy-induced  motions  are  not  large. 


2.2.3  Gas  Solubility 


Because  oeawater  is  net  saturated  with  any  of  the  possible  gas  species  produced  by  electrochem¬ 
istry  at  the  electrode,  the  bubble’s  size  will  decrease  with  time  by  dissolution  of  the  gas  into  water  Of 
interest  is  the  determination  of  the  time  ip  taken  to  dis.solve  a  bubble  of  a  known  size  If  this  time  is 
shorter  than  the  residence  time  of  a  bubble  inside  the  MIID  channel,  then  n  bubbles  will  be  present  at 
the  exit  of  the  generator. 

The  process  by  which  the  gas  is  dissolved  is  simple  molecular  diffusion,  nod  the  »naly«is  can  be 
performed  by  using  results  ootained  from  Pick’s  law,  since,  ts,  seen  in  the  previous  section,  the  tufctles 
can  be  assumed  to  be  at  rest  with  respect  to  the  water  flow.  It  is  assumed  that  the  gac  composition  is 
known,  that  the  bubble  remains  sph-.rical,  the  gas  corcentrati,  n  in  the  water  is  negligible  and,  as  the 
bubble  dissolves  and  shrinks,  that  its  temperature  remains  in  equilibrium  with  the  surroundings.  The  time 
tp  required  to  dissolve  a  bubble  completely,  t.e.,  to  reduce  its  radius  from  an  initial  value  Rq  to  zero  is 


given  by: 


Anf-  . 

Pkb  KRoPamb  +  ZOT) 


Pamb  J 


(7) 


where  V  is  the  molecular  diffusion  coefficient,  pa:nb  is  the  pressure  outside  the  bubble  and  <tt  is  the  surface 
tension  coefficient.  If  surface  tension  is  neglected,  the  time  r  quirea  to  dissolve  a  bubble  of  size  Rc  is  given 
by:  tv  --=  (R2/ 2D). 

For  example,  for  a  hydrogen  gas  bubble  having  an  initial  radius  of  10  pm  at  pomj  =  1  bar  and 
Tamb  =  25°C,  the  time  Jaken  to  dissolve  it  completely  is  calculated  to  be  tp  =  15  ms.  For  Rq  =  100pm 
then  ip  —  1.5  s.  As  the  ambient  pressure  is  increased  with  submarine  depth,  the  sir  of  the  bubbles 
decreases  and  thus  the,,  dissolution  time  is  reduced.  From  Eq.  (7),  one  also  sees  that  .  ■  effect  of  surface 
tension  becomes  smaller  with  depth,  t.e.,  with  increased  pamb- 

Values  of  molecular  diffusion  coefficients  for  the  gases  of  interest  for  the  present  problem  are 
shown  in  Table  1  (from  Ref.  3,  p.  534). 


Table  1.  Molecular  diffusivities  of  gases  in  water. 


Gas 

Molecular  diffusion  coefficient  V 

(x  10-9  m2/s) 

Hydrogen  at  25°  C 

3.36 

Oxygen  at  25°  C 

2.60 

Chlorine  at  12°C 

1.40 

Preliminary  experimental  observations  of  bubble  formation  by  seawater  electrolysis  ( cf  Section  3) 
has  shown  that  dissolution  times  are  much  larger  than  the  values  predicted  by  the  theory  presented  above 
One  reason  to  explain  this  disagreement  could  be  that  bubbles  formed  in  real  seawater  are  of  a  different 
nature  than  those  formed  in  pure  or  salt  water,  such  that  the  diffusion  coefficient  and  the  surface  tension 
can  be  different  than  the  assumed  values.  These  effects  need  to  be  investigated. 
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2.2.6  Noise  Generation  by  Bubbles 

If  the  dissolution  time  tx>  of  gas  bubbles  is  larger  than  their  residence  time  inside  the  MHD 
channel,  then  bubbles  will  be  present  in  the  exhaust  trail  of  the  thruster.  If  the  exit  pressure  of  the 
thruster  is  not  matched  with  the  hydrostatic  pressure  of  the  surrounding  water  or  if  there  is  any  other 
pressure  gradient  in  the  slipstream,  each  bubble  will  have  to  adjust  its  volume  to  this  change  in  pressure 
In  doing  so,  the  bubbles  also  send  out  acoustic  waves  which  must  be  evaluated.  If  surface  tension  is 
neglected  and  the  gas  temperature  is  assumed  to  remain  in  equilibrium  with  the  water  temperature,  the 
ratio  of  the  size  J?2  of  a  bubble  at  the  exit  of  a  constant  area  MHD  thruster  to  its  size  i?s  after  it  has 
adjusted  to  the  hydrostatic  pressure  P3  =  Poo  =  Po  can  be  obtain  ;d  from:  R3/R2  —  (pi/po)1^3 

If  the  change  in  radius  of  the  bubble  is  small  compared  to  its  radius,  then  a  simple  3-D  acoustic 
theory  can  be  used  to  determine  the  intensity  of  the  acoustic  radiation.  The  geometry  of  interest  i6  shown 
in  Fig.  3,  where  r  is  the  radial  distance  from  the  center  of  the  bubble.  The  equation  for  the  change  in 
bubble  size  as  a  function  of  surrounding  pressure  was  first  derived  by  Rayleigh  (Ref.  4),  and  subsequently 
modified  to  include  the  effects  of  viscosity  and  surface  tension  (c/.,  Ref.  5).  If  it  is  assumed  that  the  gas 
bubble  motion  follows  a  poly  tropic  law  of  compression/expansion  with  a  poly  tropic  exponent  k,  then  its 
natural  frequency  of  oscillation  is  given  by:  =  (3 xpj  -  (2(Tt/Ro))/{Pu>Ro)-  If  the  change  in  volume 

of  the  bubble  is  isothermal  then  k  =  1  and  if  it  is  isentropic  k  —  7,  the  specific  heat  ratio.  With  this 
assumption,  energy  dissipation  arises  only  from  liquid  viscosity  and  compressibility.  A  more  accurate,  but 
more  tedious,  analysis  would  involve  the  solution  of  the  complete  set  of  linearized  conservation  equations 
of  mass,  momentum  and  energy  both  in  the  gas  and  the  water  (cf.  Refs.  6  and  7). 


It  is  also  supposed  that,  to  first  order,  the  bubbles  experience  a  constant  pressure  gradient,  so  that 
the  ambient  pressure  varies  linearly  with  time,  i.e.. 


uo  dp 

Pamb  -  p2(l  +  — -7-0  "'here 
P2  dx 


dp  P2  -  Po 
dx  ~  (p 


(8) 
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The  pressure  relaxation  length  £P  has  to  be  determined  from  the  fluid  mechanics  of  the  flow  in  the  region 
of  the  pressure  nonuniformity. 

If  k  «  1  then  u>o  (P2/Pu>f?o)<  and  the  expression  for  the  radiated  energy  can  be  expressed  as: 


$(»•) 


r2/  \dx J  8ou,P2 


(9) 


where  aw  is  the  sound  speed  in  water. 

The  energy  radiated  by  a  single  bubble  can  be  used  to  estimate  the  total  noise  of  the  entire 
collection  of  bubbles  in  the  slipstream.  Since  there  is  a  large  number  of  bubbles  all  oscillating  with  a 
different  phase,  an  observer  at  a  large  distance  from  the  device  would  not  feel  a  variation  in  mass  or 
momentum  flux.  Then  the  group  of  emitting  bubbles  can  be  represented  as  a  quadrupole  noise  source, 
similar  to  the  sources  causing  the  noise  at  the  exhaust  of  jet  engines  (cf.  Refs.  8  and  9).  The  quadrupole 
solution  can  be  directly  obtained  from  the  single  bubble  relation  as: 


-z-quadrupolc  -jingle 
$  =  Subtle 


(10) 


where  is  the  average  acoustic  energy  radiated  by  one  bubble,  as  obtained  from  Eq.(9),  £  is  the 

average  spacing  between  the  bubbles  and  A  is  the  wavelength  of  the  sound  emitted  by  the  bubbles, 
obtained  from  A  =  The  tottd  acoustic  energy  flux  emitted  by  all  the  bubbles  can  then  be  obtained 

by  multiplying  the  contribution  of  one  quadrupole  (i.e.,  Eq.  (10))  by  the  total  number  of  quadrupoles  .V?, 
Since  the  bubble  oscillations  decay  rapidly  due  to  damping,  we  only  consider  as  noise  sources  the  bubbles 
present  in  a  slab  of  thickness  ( ti2pwRl)/pw  in  the  exhaust  trail  of  the  thruster. 

For  the  short  constant  area  thruster  without  inlet  diffuser  and  exhaust  nozzle,  i.e.,  the  actuator 
disc  thruster  of  Section  2.1,  if  gas  solubility  is  ignored,  the  total  average  acoustic  energy  flux  becomes: 

=  0.050 (±Y  (T)  (11) 

All  these  parameters  are  easily  obtained  from  the  operating  conditions  of  the  MHD  thruster,  except  for  Ro 
and  £p  that  need  to  be  evaluated  separately. 

It  can  be  seen  from  this  formula  that  the  noise  output:  (i)  increases  with  bubble  size,  (ii) 
increases  with  thruster  size,  (iii)  increases  with  submarine  speed,  (iv)  increases  with  submarine  depth.  The 
dependence  of  the  total  acoustic  energy  flux  on  applied  current  density  J  and  magnetic  field  B  can  also 
be  obtained  from  Eq.(20)  by  substituting  the  expressions  for  U2,  P2  and  Qh,  given  by  Eq  (2),  Eq  (3) 
and  Eq.  (4),  respectively.  It  is  found  that  the  noise  level  increases  with  both  applied  current  density  and 
magnetic  field. 

It  is  seen  that,  in  the  study  of  the  noise  problem,  efforts  should  be  focused  on  the  study  of  the 
two  unknown  parameters  in  this  equation:  bubble  size  and  the  time  taken  for  the  exhaust  flow  to  be 
pressure  matched  with  the  hydrostatic  water  pressure  (i.e.,  the  determination  of  the  value  of  the  pressure 
relaxation  length  £p  from  Eq.(13)  or  the  characteristic  length  of  any  other  pressure  disturbance  in  the 
slipstream).  As  with  the  solubility  analysis,  the  size  of  *hi  bubbles  is  thus  critical  to  the  evaluation  of 
noise  generation  by  MHD  thrusters.  Not  only  will  the  noise  produced  by  a  seawater  MHD  device  decrease 
with  bubble  size,  but  as  it  will  be  seen  below,  the  acoustic  waves  emitted  by  smaller  bubbles  will  be 
attenuated  more  as  they  propagate  into  seawater  because  of  their  higher  oscillation  frequency. 

To  evaluate  an  upper  bound  to  the  source  level  (SL)  of  constant  area  MHD  thrusters,  consider 
bubbles  in  the  slipstream  of  the  actuator  disc  thruste: .  The  decibel  (dB)  level  of  underwater  acoustic 
sources  is  defined  as  (cf.  Ref.  10): 


SL  (dB)  =  10  log  jo 


$(al  r  =  1  yard) 
0.67  x  10_18W/m2 


(12) 
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For  example,  consider  a  thruster  with  J  =  5000A/m2  and  BL  =  100T  ■  m  and  a  thruster  area  of 
A\  =  1  m2.  Assume  operation  of  the  submarine  at  depths  of  0  and  100  m,  at  speeds  from  5  to  20  m/s  For 
illustration,  two  possible  bubble  sizes  are  considered:  Ro  =  10  pm  and  Ro  =  100  pm.  Also,  the  constant 
£p  can  be  estimated  from  Eq.(13)  from  thruster  internal  and  external  hydrodynamics.  Calculations  were 
performed  with  £p  either  1  m  or  10  m,  both  reasonable  values.  The  results  are  shown  in  Table  2.  It  is  found 
that  a  maximum  noise  level  of  121  dB  is  produced  at  a  submarine  depth  of  100  m  and  the  maximum  speed 
of  «o  =20  m/s,  with  a  bubble  size  Ro  =  100  /im.  The  minimum  noise  level,  60  dB,  is  produced  at  sea  level 
at  5  m/s,  with  Ro  =  10  /im.  This  can  be  compared  to  typical  values  of  broadband  acoustic  level  data  given 
in  Ref.  10.  They  range  from  around  130-140  dB  for  electric  submarines  used  in  the  Second  World  War, 
to  90-110  dB  for  SS3N-726  class  submarines.  Considering  that  the  present  calculati  ,n  effectively  places 
an  upper  bound  to  the  noise  level  of  seawater  MHD  thrusters,  it  appears  that  this  type  of  propulsion 
could  achieve  a  reduction  in  noise  level  over  today’s  most  sophisticated  devices.  Furthermore,  various  noise 
abatement  approaches  could  be  used  to  reduce  the  noise  generated  even  more.  For  example,  this  could  be 
achieved  by  changing  the  geometry  of  the  thruster  and  its  exhaust  trail,  by  acoustically  treating  the  outlet 
region  of  the  device,  by  preventing  the  escape  of  bubbles  and  finally  by  ensuring  that  the  bubbles  remain 
small  or  nonexistent. 

This  discussion  points  out  the  need  for  integrating  noise  analysis  to  the  design  of  MHD  submarine 
thruster,  since  noise  performance  is  probably  as  important  as  efficiency. 

The  noise  attenuation  in  the  seawater  surrounding  the  thruster  can  be  evaluated  from  simple 
acoustic  theory  (c/.  Ref.  11).  In  one  dimension,  the  acoustic  flux  at  a  location  x  is  related  to  that  at  x  =  0 
by: 


$(x)  =  $(0)exp 


(13) 


where  the  diffusivity  6  is  defined  as: 


6 


p*. 

Pw 


1  4.  flVu' 

3  /!» 


+  f(Pr) 


(14) 


In  this  case,  noise  attenuation  is  due  to  both  viscous  dissipation,  through  /%  and  py w,  the  latter  being 
the  bulk  viscosity  of  water,  and  heat  diffusion,  through  a  function  /  of  the  Prandtl  number  Pr.  For 
pure  water,  6  =  4.4  •  10-6  m2/s.  For  seawater,  6  is  somewhat  larger  and  depends  on  frequency  A  plot  of 
attenuation  vs.  frequency  in  seawater  is  given  on  page  245  of  Ref.  10. 

Noise  attenuation  also  takes  place  at  the  source  of  submarine  noise,  *. e. ,  inside  the  exhaust  trail  of 
the  thruster,  because  of  noise  absorption  by  the  bubbles  themselves.  Fo~  this  case,  the  attenuation  can  be 
evaluated  by  modeling  the  bubble-water  mixture  as  a  fluid  having  the  ame  properties  of  water ,  except  for 
a  higher  bulk  viscosity.  The  bu!'-  viscosity  of  a  bubble-water  mixture  has  been  evaluated  analytically  by 
Taylor  (Ref.  12)  as: 


Pv  = 


4  /j  2 
3  AV  +  3^ 


(15) 


where  Ay  is  the  volume  fraction  of  gas  in  mixture.  This  formula  is  valid  for  AV  >  lO"4;  the 
compressibility  of  water  has  to  be  taken  imo  account  for  smaller  values  of  Ay  The  high  bulk  viscosity  of 
the  bubble- water  mixture  is  such  that  the  diffusion  coefficient  6  is  about  four  orders  of  magnitude  larger 
than  that  of  water  alone,  leading  to  a  much  higher  attenuation  coefficient. 

In  view  of  the  large  attenuation  coefficient  for  noise  of  high  frequency,  it  is  seen  that,  if  the 
bubbles  can  be  kept  small,  the  seawater  MHD  propulsion  concept  could  fulfill  its  promise  of  difficult 
acoustic  detection. 
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Table  2.  Noise  produced  by  a  constant  area  MHD  thruster,  i.e., 
actuator  disc  thruster  with  J  =  5000  A/m2,  BL  =  100T  •  m 
and  Ai  =  1  m2. 


Po 

uo 

Ro 

tp 

SL 

(bars) 

(m/s) 

(pm) 

(m) 

(dB) 

1 

5 

10 

1 

80 

10 

60 

100 

1 

110 

10 

90 

10 

10 

1 

81 

10 

61 

100 

1 

111 

10 

91 
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2.2.7  Ohmic  Losses 

In  addition  to  the  bubble  formation  problem,  the  passage  of  large  currents  into  the  water 
electrolyte  causes  a  temperature  increase  by  electrical  losses  If  the  temperature  increase  is  large  a 
significant  thermal  signature  could  be  observed  at  the  exit  of  the  thruster.  The  temperature  increase  AT 
for  the  constant  area  thruster  having  a  constant  current  density  is  given  by: 


AT  = 


J2L 

apwCu\ 


(16) 
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where  a  is  the  electrical  conductivity  and  C  is  the  heat  capacity  of  seawater.  For  the  case  discussed  in  the 
previous  section,  with  =  10  m/s,  the  temperature  increase  is  about  1.2°C.  This  may  or  may  not  pose  a 
problem,  depending  on  depth,  searstate  and  enemy  detection  capabilities. 

This  discussion  on  temperature  signature,  as  well  as  considerations  about  electrical  losses,  point 
out  the  need  for  thrusters  operating  with  the  largest  possible  magnetic  field  and  the  lowest  possible 
applied  current  density. 

2.2.8  Boundary  Layer  Modification  and  Drag  Reduction  by  Bubble  Injection 

The  performance  of  the  seawater  MHD  thruster  will  depend  strongly  on  the  influence  of  the 
bubble  formation  on  the  flow  over  the  electrodes  and  the  sidewalls.  Numerical  models  are  needed  to 
predict  and  optimize  the  performance  of  the  device.  Computer  models  for  both  laminar  and  turbulent 
boundary  layer  and  channel  flows  have  proven  their  effectiveness.  However,  the  modification  of  these 
models  or  the  creation  of  new  ones  to  take  bubble  phenomena  into  account  cannot  be  expected  to  be 
successful  before  a  good  data  base  is  available  for  these  particular  flows. 

For  turbulent  boundary  layer  flows  with  bubble  injection,  these  models  may  be  modified  by 
assuming  that  the  characteristics  of  the  turbulence  are  unchanged  by  the  addition  of  gas  bubbles  (e.#., 
Ref.  13).  This  assumption  is  valid  if  the  rate  of  bubble  injection  is  small,  but  it  has  been  found  that,  at 
higher  injection  values,  the  basic  nature  of  the  turbulence  is  indeed  modified  (cf.  Ref.  14).  Furthermore, 
because  of  the  presence  of  coherent  structures  in  these  turbulent  flows,  an  analysis  based  on  a  turbulence 
model  adapted  from  bubble-less  flow  might  not  be  adequate,  since  the  average  electrical  properties  of  the 
flow  would  be  very  sensitive  to  the  structures  developing  in  the  actual  flow  with  bubbles.  For  a  more 
realistic  analysis  and  efficient  optimization  of  MHD  seawater  propulsion  devices,  it  is  necessary  that  new 
computer  codes  be  developed  and  that  experiments  be  initiated  to  provide  input  and  validation  data. 

The  experimental  study  of  Ref.  14  also  reported  a  dramatic  reduction  in  skin  friction  by  bubble 
injection  for  flat  plate,  turbulent  boundary  layer  flows  in  water.  Miniature  flush-mounted  hot  film  probe 
measurements  of  the  shear  stresses  downstream  of  a  gas  bubble  ejection  section  have  shown  that  a  fivefold 
reduction  in  skin  friction  is  achievable  for  this  flow.  Therefore,  bubble  generation  at  the  electrodes  could 
be  used  advantageously  to  improve  the  performance  of  a  seawater  MHD  thruster. 


3.  OBSERVATIONS  OF  BUBBLE  FORMATION  IN  HIGH  PRESSURE  SEAWATER 

To  define  critical  issues  on  the  performance  of  electrodes  in  seawater,  as  well  as  to  perform 
preliminary  measurements  on  bubble  size  and  gaseous  film  evolution  as  a  function  of  electrode  material, 
surface  treatment,  current  density  and  ambient  pressure,  we  have  performed  tests  with  a  small  electrode 
testing  rig  (ETR). 

The  testing  device,  shown  in  Fig.  4,  comprises  a  260  cm3  volume  that  can  be  pressurized  up  to  100 
bars,  which  corresponds  to  a  submarine  depth  of  1000  m.  Two  electrodes,  each  having  a  surface  area  of 
19.3  cm2  are  facing  each  other,  5.1  cm  apart.  The  test  rig  is  made  out  of  clear  acrylic  so  that  visualization 
of  the  electrode  phenomena  can  be  accomplished. 

We  have  performed  preliminary  experiments  on  the  suitability  of  various  electrode  materials  and 
on  the  structure  of  free  convection  flows  of  bubbles  o\er  vertical  electrodes  with  some  very  interesting 
results. 

3.1  Electrode  Material 

Preliminary  experiments  with  both  copper  and  graphite  electrodes  have  shown  that,  because  of 
chemical  reactions,  copper  does  not  seem  to  be  a  suitable  choice.  Graphite,  on  the  other  hand,  was 
observed  to  tolerate  large  values  of  current  densities  without  suffering  any  surface  damage  on  either 
electrode. 
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3.2  Free  Convection  of  Bubbles  over  Vertical  Electrodes 

Experiments  were  performed  with  vertical  electrodes,  to  examine  the  buoyancy-induced  ( i.e  ,  free 
convection)  flow  of  bubbles  over  the  electrodes.  Preliminary  observations  shew  that  this  flow  of  bubbles 
over  the  electrodes  is  similar  to  single-phase,  single-fluid  (i.e.,  ordinary)  forced  convection  turbulent 
boundary  layer  flow  over  a  flat  plate.  It  was  observed  that  the  flow  over  the  lower  pert  of  the  electrode  is 
laminar.  At  some  distance  from  the  lower  end  of  the  electrode  (which  corresponds  to  the  leading  edge  of 
the  flat  plate)  transition  is  observed  to  occur  to  what  seems  to  be  a  turbulent  flow.  It  has  bee*,  found  that 
the  hydrogen  gas  flow  over  the  cathode  and  the  oxygen  and  chlorine  gas  flow  over  the  anode  have  vei. 
distinguishable  features. 

The  influence  of  electrolyte  composition  and  ambient  pressure  on  the  transition  point  location 
and  the  observable  characteristics  of  the  subsequent  turbulent  flow  has  also  been  investigated  It  !u_s 
been  found  that  saltwater,  a  3.5  percent  by  mass  solution  of  rock  salt  into  tap  water,  exhibits  different 
characteristics  than  real  seawater  collected  at  Topanga  Beach,  California.  The  turbulent  flow  in  the 
seawater  has  features  than  are  analogous  to  the  cblique  Tollmien-Schlichting  waves  and  the  turbulent 
spo*s  common  to  ordinary  turbulent  boundary  layers  (Ref.  15)  .  The  appearance  of  lifting  turbulent  spots 
is  also  accented  as  the  pressure  is  increased.  These  electrode  phenomena  are  shown  in  F.g.  5  and  Fig  6  lor 
a  current  density  of  9000  A/m2  in  real  seawater  at  a  pressure  of  34  bars  The  oblique  instability  waves  are 
clearly  visible  in  the  close-up  of  Fig.  6.  These  waves  were  not  observed  at  atmospheric  pressure  and  the 
rock  salt  solution  did  not  exhibit  those  turbulent  structures.  This  difference  in  behavior  between  seawater 
and  saltwater  could  be  attributable  to  different  values  of  viscosity  for  these  two  solutions,  which  could 
affect  the  effective  Reynolds  number  for  this  flow.  Furthermore,  since  the  seawater  has  a  larger  number  of 
dissolved  salts  than  the  simple  saltwater  solution,  the  nature  of  the  products  at  the  electrodes  could  be 
different.. 


4.  CONCLUSIONS 

Passage  of  ar.  electric  current  in  seawater  can  lead  to  gas  bubble  generation  by  chemical  reactions 
The  formation,  evolution,  trajectories,  and  history  of  these  bubbles  and  the  magnetohydrodynamics  of  the 
flow  are  intimately  connected.  Since  the  bubbles  are  likely  to  be  small,  they  will  reach  a  terminal  velocity 
with  respect  to  the  surrounding  water  very  rapidly,  unless  bunching  up  slows  down  this  process  The  size 
of  the  bubbles  is  a  critical  parameter  because,  (i)  it  determines  the  time  taken  by  the  bubbles  to  dissolve, 
and  therefore  whether  or  not  bubbles  are  present  in  the  slipstream  of  the  thruster  and  (ii)  it  influences 
the  level  of  acoustic  noise  emitted  by  bubbles  when  exposed  to  pressure  gradients  of  sufficient  magnitude 
Other  issues  possibly  depending  on  bubble  size  include  the  increased  resistivity  of  the  bubble-water 
mixture  and  the  skin  friction  drag  i°Q''ction  by  bubble  formation  on  the  electrodes  A  number  of  the 
STD/MHD  codes  can  gi\e  elaborate  and  realistic  solutions  of  the  combined  bubble/magnetohydrodynamic 
problem. 

Work  on  a  small  test  rig  at  STD  Research  Corporation  has  shown  that  there  exists  a  marked 
difference  between  phenomena  observed  in  real  seawater  and  simple  saltwater  and  between  operation  at 
surface  pressure  and  operation  at  depth.  Observations  of  bubble  lifetime  suggest  that  the  usual  bubble 
properties  may  be  different  for  seawater,  owing  to  the  complex  chemical  composition  of  the  latter 
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INTRODUCTION 

The  promise  of  MHD  propulsion  for  submarines  is  governed  by  the 
development  of  powerful  superconducting  magnets.  With  sufficient 
magnetic  field,  the  inherent  electrical  conductivity  of  sea  water 
allows  efficient  MHD  propulsion  at  high  speeds.  However,  the  use 
of  superconducting  magnets  restricts  the  MHD  propulsion  device  to 
DC  crossed  fields.  Since  sea  water  is  an  electrolytic  conductor, 
electrolysis  occurs  at  the  electrodes  under  DC  operation  and 
gases  are  evolved.  The  resulting  formation  of  large  numbers  of 
bubbles  greatly  enhances  the  acoustic  noise  signature  of  the 
submarine.  Furthermore,  these  gases  and  reaction  products  are 
left  in  the  wake  and  may  eventually  rise  to  the  surface. 


Fundamental  phenomena  of  electrode  operation  for  MHD  propulsion 
are  briefly  described  here.  Governing  electrode  parameters  are 
identified  and  their  characteristic  values  for  MHD  submarine 
propulsion  are  delineated.  An  electrode  test  stand  for 
investigating  electrode  systems  is  described  and  some  preliminary 
test  results  are  presented.  Potential  electrode  concepts  for 
eliminating  the  formation  of  bubbles  are  described.  Finally, 
recommendations  for  promising  low  noise  electrode  systems  are 
given. 

MHD  Propulsion  Parameters.  MHD  propulsion  may  be  based  on  either 
external  or  internal  e?.ectrode  configurations .[  1  ]  In  either  case, 
limiting  ideal  performance  is  defined  by  momentum  change 
considerations  and  the  governing  equations  may  readily  be  derived 
for  either  configuration  in  terms  of  effective  duct  area,  A.  The 
ideal  equations  for  thrust,  T,  and  propulsion  efficiency,  >? ,  are 
summarized  by  Figure  1.  Ideal  efficiency  is  governed  by  two 
parameters:  the  velocity  ratio,  z,  and  the  MHD  interaction 
parameter,  S.  The  minimum  electrode  current  density  required  for 
MHD  propul  ^.on  is  given  by: 

J  *  (  p  u2/2BL) * (z2  -  1)  (El) 

where  B  i;  magnetic  field  strength,  L  is  magnet  length,  p  is  sea 
water  density,  u  is  submarine  velocity,  and  z  is  the  jet  pump 
velocity  ratio. 

For  large  thrust  at  a  reasonable  duct  area,  the  velocity  ratio 
must  be  around  1.2  which  implies  an  ideal  jet  efficiency  of  91%. 
For  good  MHD  efficiency  080%),  the  interaction  parameter,  S, 
should  be  near  unity.  This  sets  a  criteria  on  conductivity  and 
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magnet  design  as  shown  by  Figure  2.  At  a  speed  of  30  m/sec  and  S 
*  0.7,  this  criteria  is: 

a  B2L  >  22,000  (E2) 

For  example,  with  a  sea  water  conductivity  of  4  S/m,  we  require  a 
magnet  of  14  Tesla  field  strength  over  a  length  of  30  meters. 
This  high  efficiency  thrustor  configuration  requires  an  electrode 
current  density  of  only  0.05  A/sq  cm.  A  magnet  with  the 
parameters,  B  =  4  T  and  L  =  10  m,  results  in  a  current  density 
of  0.5  A/sq  cm.  For  comparable  efficiency  with  this  small  magnet, 
sea  water  conductivity  must  be  enhanced  to  a  value  over  100  S/m. 
Conversely,  thrust  performance  can  be  maintained  by  operating  at 
high  current  density  and  low  efficiency.  Over  a  wide  range  of 
operational  scenarios,  the  required  electrode  current  density 
ranges  from  less  than  a  tenth  of  an  ampere  per  sq  cm  to  a  value 
near  1  A/sq  cm. 

Sea  water  contains  about  33-37  g/kg  of  dissolved  chloride  salts 
(mostly  sodium  with  significant  concentrations  of  magnesium, 
calcium,  and  potassium).  The  sodium  and  chlorine  species  form 
positive  and  negative  ions  respectively  which  respond  to  electric 
fields.  Although  their  mobility  is  low  (about  6xl0“8  m2/V-s),  the 
ion  number  density  is  high  so  that  a  conductivity  of  around  4  S/m 
results.  This  low  mobility  results  in  a  Idw  Hall  parameter 
(around  1 0 —  6 )  even  at  a  field  strength  of  20  Tesla.  Thus,  as 
shown  by  Figure  2,  the  Hall  parameter  effects  which  are 
significant  in  gaseous  MHD  systems  may  be  neglected  here. 

FUNDAMENTAL  ELECTRODE  BEHAVIOR 


The  electrolysis  behavior  between  inert  electrodes  of  a  moderate 
solution  of  NaCl  in  water  is  well  known. [2]  The  electrode 
reactions  for  inert  electrodes  are  shown  by  Figure  3.  Negative 
chlorine  ions  are  attracted  to  the  anode  where  they  give  up  their 
electron  and  form  chlorine  gas.  The  positive  sodium  ions  are 
attracted  to  the  cathode,  but  do  not  plate  out  as  metallic 
sodium.  Instead,  they  react  at  the  cathode  to  form  sodium 
hydroxide  and  hydrogen  gas.  Since  the  gas  molecules  released  at 
each  electrode  involve  two  electrons,  the  volumetric  flux  is  the 
same  and  is  proportional  to  electrode  current  density: 

V  =  0.12*J/(1  +  h/10.1)  [cc/sec-sq  cm]  (E3) 


where  J  has  units  of  A/sq  cm,  h  is  depth  in  meters  and  standard 
temperature  is  assumed. 


This  simplified  picture  of  sea  water  electrolysis  results  in 
defined  volumetric  fluxes  of  hydrogen  and  chlorine  gases  while 
the  solution  becomes  more  alkaline  (as  shown  by  the  overall 
reaction  equation  in  Figure  3).  In  reality,  the  fundamental 
phenomena  which  control  the  electrode  electrochemistry  and  bubble 
dynamics  is  exceedingly  complex.  Factors  which  control  bubble 
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nucleation,  growth,  and  size  evolution  include  mechanical  forces, 
electrochemical  reactions,  hydrolysis,  solution  mass  transport  by 
diffusion  and  convection,  and  the  electrode  surface 
properties. [ 3 ]  Understanding  of  these  governing  processes  is 
necessary  for  the  development  of  low  noise  electrodes  for  the  MHD 
propulsion  application. 

Extensive  experience  on  bubble  evolution  and  dynamics  is 
available  from  studies  of  two-phase  heat  transfer  and  from  work 
on  electrolysis  cells.  The  behavior  of  vapor  bubbles  generated  in 
the  boiling  process  is  summarized  in  Figure  4. [4]  For  liquid  at 
the  boiling  point,  small  bubbles  form  at  nucleation  sites  on  the 
heated  surface  and  grow  until  mechanical  forces  overcome  the 
surface  tension  forces  holding  them.  As  the  heat  flux  rate  is 
increased,  the  generation  rate  of  vapor  increases  until  the 
entire  surface  becomes  enveloped  in  vapor  (film  boiling).  Before 
film  boiling  occurs,  a  maximum  in  the  heat  flux  (critical  heat 
flux)  is  reached  (point  D  in  Figure  4).  An  analogy  between 
boiling  and  electrolysis  may  be  developed  in  terms  of  the 
volumetric  rate  of  gas  generation.  These  relations  are  shown  by 
Figure  5.  For  electrolysis,  the  gas  generation  rate  is 
proportional  to  current  density,  while  in  the  case  of  boiling, 
the  vapor  rate  is  proportional  to  heat  flux.  At  the  critical 
heat  flux  value  of  100  W/sq  cm,  vapor  is  generated  at  the  rate  of 
74  cc/sec  per  sq  cm.  For  pool  boiling  of  water  at  one  atmosphere, 
the  departure  diameter  of  the  vapor  bubbles  is  in  the  1  to  2.5  mm 
range.  These  results  will  be  compared  with  a  corresponding 
electrolysis  experiment  in  the  next  section. 

Studies  of  sea  water  electrolysis  cells  for  chlorine  production 
are  especially  instruct ive .[ 5 , 6  ]  Chlorine  gas  is  readily 
dissolved  and  undergoes  hydrolysis  to  form  hypochlorite.  A  host 
of  complex  hydrolysis,  electrochemical,  and  solution  chemical 
reactions  take  place  which  result  in  the  formation  of 
hypochlorous  acid,  chlorate,  and  the  generation  of  oxygen  gas 
(depending  on  the  anode  material).  Solution  near  the  anode 
becomes  very  acidic  with  a  pH  value  of  1  to  2  while  the  cathode 
becomes  highly  basic  with  a  pH  factor  of  11  to  14.  Since  sea 
water  contains  dissolved  magnesium  and  calcium,  this  basic 
cathode  region  results  in  deposits  of  magnesium  and  calcium 
hydroxides.  These  deposits  are  a  major  design  problem  for 
electrolysis  cells  with  various  techniques  used  for  alleviation. 

Bubble  Induced  Noise.  Small  voids  of  gas  or  vapor  induce  a 
dramatic  effect  on  the  acoustic  behavior  of  a  liquid.  The  essence 
of  this  effect  may  be  understood  by  considering  a  spherical 
bubble  surrounded  by  liquid  as  indicated  by  Figure  6.  For 
variations  in  bubble  radius,  a,  the  gas  within  the  bubble  acts  as 
a  spring  while  the  inertia  of  the  surrounding  water  acts  as  a 
mass.  This  leads  to  the  classic  equation  for  undamped  oscillation 
with  the  bubble  radius  varying  sinusoidally  in  time.  The  natural 
(or  resonant)  frequency  of  oscillation  depends  on  gas  gamma, 
pressure,  and  liquid  density  and  bubble  size  as  shown  on  Figure 
6.  For  sea  water,  the  resonant  frequency  varies  as  3.25  kHz 
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divided  by  bubble  radius  in  mm.  Surface  tension  increases  this 
frequency  somewhat  for  bubbles  less  than  10  microns  in  radius. 

These  lightly  damped  bubbles  are  easily  excited  by  pressure 
variations  within  the  liquid  and  radiate  spherical  acoustic 
waves.  The  response  to  a  turbulent  quadripole  excitation  source 
is  shown  on  Figure  6.  {7]  At  resonant  frequencies,  this  equation 
indicates  that  the  bubbles  will  amplify  the  quadripole  noise  by  a 
factor  of  11  orders  of  magnitude.  This  resonant  response  falls 
off  at  other  frequencies,  but  even  at  very  low  frequencies,  the 
amplification  factor  is  over  7  orders  of  magnitude.  This  resonant 
characteristic  give  turbulent  liquid  flows  a  distinctive  acoustic 
signature  depending  on  the  size  of  entrained  bubbles. 

Conversely,  bubbles  in  a  quiescent  region  are  strong  absorbers 
and  tend  to  shield  an  incoming  noise  source.  However,  for  the  MHD 
propulsion  application,  bubbles  entrained  in  the  thrustor 
boundary  layers  will  likely  encounter  strong  shear  forces  in  the 
thrustor  wake  and  become  highly  excited.  The  resulting  noise 
field  will  depend  on  bubble  size  and  number  density  as  well  as  on 
the  details  of  the  thrustor  exhaust  and  interaction  with  the 
submarine  wake. 


PRELIMINARY  ELECTRODE  TEST  RESULTS 

A  basic  electrode  experiment  was  set  up  to  delineate  and  clarify 
fundamental  behavior.  This  experimental  setup  is  shown  by  the 
photographs  in  Figure  7.  By  analogy  with  pool  boiling  experiments 
with  heated  rods,  a  copper  rod  electrode  with  a  diameter  of  1.27 
mm  was  tested  using  San  Francisco  Bay  sea  water.  This  cathode  was 
driven  by  a  2.5  kW  DC  power  supply  over  a  wide  range  of  current 
densities.  The  evolved  bubbles  are  side  illuminated  with  a  flood 
lamp  and  observed  through  an  optical  port.  A  rising  column  of 
fine  hydrogen  bubbles  are  visible  in  the  right  hand  photograph  in 
the  color  plate.  A  voltage  probe  is  visible  above  the  rod 
cathode. 

A  unique  feature  of  this  preliminary  experiment  was  the  use  of  a 
prototype  gated,  intensified  video  camera.  This  camera  is  based 
on  a  microprocessor  controlled  microchar.nel  plate  intensifier 
tube.  The  intensifier  tube  image  is  focused  on  a  standard  CCD 
video  camera  so  that  the  object  can  be  viewed  on  a  conventional 
monochrome  monitor  and  recorded  with  standard  frame  grabber 
equipment.  The  onboard  microprocessor  and  timing  circuits  allow 
shutter  speeds  down  to  only  40  nanoseconds  which  are  synchronized 
with  the  60  Hz  video  camera.  Thus,  the  motion  of  very  small 
bubbles  can  be  captured  even  at  relatively  high  flow  speeds  and 
recorded  for  computer  analysis. 

Several  electrode  materials  were  tested  for  experimental 
suitability:  copper,  stainless  steel,  and  titanium  cathodes,  and 
copper,  stainless  steel,  tantalum,  molybdenum,  platinum,  and 
graphite  anodes.  All  of  the  cathode  materials  resulted  in  a  clean 
and  well  behaved  evolution  of  fine  hydrogen  bubbles.  The 
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stainless  steel  anode  contaminated  the  solution  with  a  black  inky 
substance;  the  copper  anode  turned  the  solution  yellow,  then 
blue-green.  The  tantalum  anode  quickly  become  anodized  with  a 
nonconducting  purple  film.  Both  the  solid  platinum  and  the 
graphite  anodes  performed  well.  Bubble  activity  was  noted  for 
each  of  these  anodes,  although  not  as  vigorously  as  at  the 
cathode.  Experiments  were  conducted  with  the  copper  rod  cathode 
and  with  the  platinum  anode.  Deposits  rapidly  formed  and  were 
observed  beneath  each  of  the  electrodes  after  short  tests. 

The  electrical  characteristics  of  the  rod  cathode  is  shown  in 
Figure  8.  At  low  current  densities,  a  nearly  linear 
characteristic  is  observed  with  a  voltage  threshhold  of  around  1 
volt.  At  high  current  densities,  the  characteristic  flattens  out 
and  a  limiting  value  near  12  A/sq  cm  was  observed;  here,  the  rod 
electrode  was  enveloped  in  gas.  Surprisingly,  the  discharge 
continued  at  this  high  current  density  by  an  arcing  phenomena 
through  the  hydrogen  gas  barrier.  This  arc  discharge  resulted  in 
concentrated  glowing  discharges  which  moved  erratically  over  the 
rod  electrode  surface.  However,  for  MHD  propulsion  at  current 
densities  below  1  A/sq  cm,  nearly  linear  operation  with  low 
voltage  drops  is  indicated. 

The  vertical  axis  of  the  J-V  characteristic  may  be  associated 
with  gas  generation  which  is  proportional  to  current  density. 
Here,  electrode  voltage  provides  the  driving  force  for  gas 
generation.  This  situation  is  analogous  to  boiling  in  which  vapor 
production  is  proportional  to  heat  flux  which  is  driven  by 
surface  temperature.  The  J-V  characteristic  of  Figure  8  is 
qualitatively  similar  to  the  heat  flux  curve  of  Figure  4. 
However,  the  maximum  gas  generation  for  the  electrolysis 
experiment  is  1.4  cc/sec  per  sq  cm  versus  a  value  of  74  for  the 
boiling  case.  Thus,  the  boiling  situation  generates  54  times  more 
vapor  at  the  critical  point  than  for  the  corresponding 
electrolysis  case. 

Preliminary  images  of  the  magnified,  stop-action  bubble  behavior 
were  obtained  by  the  direct  photographing  of  the  monitor  with  a 
still  camera.  Some  examples  of  bubble  behavior  are  shown  by 
Figure  9.  For  this  "pool"  experiment,  in  which  bubbles  rise  by 
buoyancy,  a  shutter  speed  of  1  millisecond  is  sufficient  to 
"freeze"  the  bubble  motion.  Note  the  obvious  increase  in  bubble 
size  with  increase  in  current  density.  This  effect  is  shown 
quantitatively  by  the  preliminary  data  presented  by  Figure  10. 
Here,  the  average  bubble  diameter  is  in  the  100  to  200  micron 
range  (considerably  smaller  than  the  1-2  mm  size  observed  in  pool 
boiling  experiments).  The  last  photograph  in  Figure  9  illustrates 
the  use  of  a  longer  time  exposure  to  produce  a  "streak"  display 
of  bubble  motion.  These  streaks  indicate  both  the  bubble  speed  as 
well  as  their  direction.  Measured  bubble  speeds  are  in  the  range 
of  5  t.o  8  cm/sec. 
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LOW  NOISE  CONCEPTS 

Concepts  for  developing  a  low  noise  propulsion  system  depend  on 
the  control  of  bubble  size  and  distribution.  The  ideal  goal  of 
gasless  electrodes  would  eliminate  the  bubble  problem  at  its 
source.  Eliminating  bubbles  by  the  thrustor  exit  would  greatly 
reduce  the  impact  of  bubble  generation.  Potential  concepts  for 
"gasless"  electrodes  are  listed  below  (not  in  order  of 
feasibility) : 

1.  Modify  sea  water  for  electronic  conductivity. 

2.  Mechanical  separation  of  bubbles  from  boundary  layer. 

3.  Dissolve  gas  by  surface  nucleation  and  bubble  dynamics. 

4.  Sacrificial  anodes  and/or  cathodes. 

5.  Hydrogen  absorping  cathode. 

6.  Fluid  reactant  supplied  at  anode. 

Of  these  six  potential  concepts,  the  first  is  judged  very 
difficult  and  is  not  considered  further.  The  second  approach  is 
considered  feasible,  at  some  reduction  in  thrustor  efficiency, 
but  would  introduce  additional  mechanical  equipment  and 
necessitate  a  device  to  eliminate  collected  gases.  Approach  three 
is  highly  desirable  if  an  appropriate  surface  could  be  developed. 
Sacrificial  electrodes  are  not  consistent  with  the  requirement 
for  long  life  electrodes.  Method  five  would  require  a  technique 
for  removing  hydrogen  from  the  cathode  material  as  well  as 
absorping  it.  Recovered  hydrogen  could  have  value  as  a  reactant 
either  for  energy  or  for  the  production  of  a  conductivity 
enhancing  material  (e.g.  HC1).  Finally,  chlorine  and  oxygen  gases 
produced  at  the  anode  might  be  eliminated  by  introducing  a 
suitable  reactant. 

The  feasibility  of  dissolving  generated  gases  is  assessed  by 
considering  the  bubble  "boundary"  layer  which  will  develop  over 
the  flat  plate  electrodes  in  the  MHD  thrustor.  As  depicted  in 
Figure  11,  conservation  of  bubble  mass  requires  a  balance  between 
generated  gases  and  convection  of  bubbles  within  the  boundary 
layer.  By  assuming  a  constant  bubble  convective  velocity  based  on 
some  fraction,  ffi,  of  the  mean  flow  velocity,  u,  a  first  order 
differential  equation  for  the  effective  thickness  of  gases  within 
the  boundary  layer  results.  The  solution  of  this  equation  is 
shown  in  the  table  of  Figure  11  for  the  worse  case  conditions  of 
relatively  high  current  density  and  a  pressure  of  one  atmosphere. 
The  thickness  of  the  corresponding  electrode  convective  boundary 
layer  is  shown  for  comparison.  Note  that  the  gas  volume  to  water 
volume  ratio  is  less  than  2  percent  even  for  a  50  meter  long 
electrode.  Thus,  considerable  water  volume  is  available  for 
dissolving  electrode  gases  if  their  solubility  permits. 

Gas  solubility  is  governed  by  Henry's  Law  at  moderate  pressures 
as  shown  on  Figure  11.  At  standard  conditions,  chlorine  gas  is 
readily  absorbed  while  hydrogen  has  a  volume  solubility  of  only 
1.9  percent.  Even  for  the  case  presented,  sufficiently  small  and 
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well  distributed  hydrogen  bubbles  could  be  dissolved  within  the 
boundary  layer.  Since  the  bubble  "boundary"  layer  becomes 
proportionately  smaller  with  higher  pressure  at  depth,  the 
possibility  of  dissolving  the  gases  improves. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Overall  fe~u.ures  of  electrode  operation  have  been  investigated  in 
preliminary  experiments.  Bubble  generation  and  motion  was 
directly  observed  with  a  gated,  intensified  video  camera.  At 
prototypic  values  of  current  density,  linear  cathode  operation 
was  noted  with  the  evolution  of  small  gas  bubbles.  These  bubbles 
were  about  a  factor  of  ten  smaller  than  water  vapor  bubbles 
observed  in  pool  boiling.  Clean  operation  with  reduced  bubbling 
was  observed  at  platinum  anodes.  Deposits  developed  quickly  in 
the  vicinity  of  both  electrodes.  Observed  operation  at  current 
densities  below  1  A/sq  cm  were  similar  to  results  reported  in  sea 
water  electrolysis  cells. 

Unlike  sea  water  electrolysis  cells,  MHD  thrustor  electrodes  will 
be  separated  by  a  large  gap  so  that  they  will  operate  in 
chemically  decoupled  boundary  layers.  Furthermore,  the  MHD 
electrodes  will  likely  operate  at  higher  current  densities  and  in 
the  presence  of  faster  flows.  Instead  of  electrochemical 
conversion  efficiency,  MHD  electrode  design  is  driven  by  control 
of  gas  evolution.  A  separate  program  of  applied  research  is 
needed  for  the  development  of  suitable  electrodes  for  MHD 
propulsion. 

The  development  of  low  noise  electrodes  by  controlling  their  gas 
evolution  characteristics  appears  promising.  The  understanding  of 
the  kinetic  and  chemical  factors  which  affect  bubble  behavior  is 
required  for  this  development.  A  small,  flexible,  well 
instrumented  electrode  test  facility  is  recommended  for  this 
effort.  Critical  environmental  factors  required  for  such  a  test 
stand  include  pressure  and  shear  stress.  Other  important  test 
parameters  include  current  density,  temperature,  and  sea  water 
mixture.  The  dynamics  of  very  small  bubbles  should  be  directly 
observed  with  high  speed  video  equipment,  such  as  described 
above.  Additional  instrumentation  for  measuring  the  chemical 
behavior  near  the  test  electrodes  is  needed.  The  dynamic, 
chemical,  and  surface  characteristics  which  favor  small  bubble 
evolution  should  be  sought  in  these  experiments. 
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PAYOFF 


The  important  payoff  of  demonstrating  feability  of 
superconducting  MHD  propulsion  system  is  obvious.  A 
superconducting  MHD  propulsion  system  requires  no  mechanical 
moving  parts  and  thus  has  negligible  accoustic  signature.  As  high 
temperature  superconductor  technology  becomes  available  in  the 
near  future,  there  is  great  potential  that  superconducting  MHD 
propulsion  system  will  become  a  superior  propulsion  system  for 
submarine,  torpedo  or  even  comramerc ia 1  ocean-bound  vessel.  In  the 
pursue  of  a  quiet  sea  vessel,  are  must  take  superconducting  MHD 
propulsion  magnet  technology  into  serious  consideration.  This 
technology  deserve  a  development  program. 


SUMMARY 

Our  group  identified  three  key  issues  in  the  area  of  magnet 
technology.  In  each  of  three  issues,  we  identify  the 
requirements,  possible  approach  or  solutions.  However,  we  believe 
that  MHD  propulsion  magnet  requirements  pose  serious  challenging 
problems  which  will  require  very  experienced  superconducting  magnet 
engineers  /  scientists  to  go  beyond  the  existing  design  approach, 
develop  reduced  force  and  fringing  field  magnet,  develop  advanced 
conductor,  advance  light  weight  support  structures,  and  employ 
innovative  cryognic  technique. 
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INTRODUCTION 


Three  important  MHD  propulsion  magnet  system  issues  are  :  light 
weight,  survivability  and  the  magnetic  signature.  All  of  these 
three  issues  must  be  addressed  simultaneously  and  must  involve 
system  efficiency  optimization  of  MHD  propulsion  system. 
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ISSUES  NO.  1 


LIGHT  WEIGHT  MAGNET  DESIGN 


MHD  propulsion  magnet  requires  a  very  high  field  magnet  system 
that  is  light  weight,  survivable  and  bears  little  or  no  magnetic 
signature.  It  was  generally  concluded  that  8  to  12  T  is  a 
reasonable  maximum  field  goal.  Toroidal  configuration  coupled 
with  clever  design  of  light  weight  conductor  and  advanced 
composite  force  support  are  possible  solutions.  The  viable  design 
call  for  some  radical  departure  from  the  past  classical  magnet 
design  experiences.  Therefore  we  identify  following  key  tasks 
that  magnet  design  must  address  : 

In  the  near  term,  We  should  conduct  a  systematic  parametric  study 
coupled  with  a  detailed  magnet  design  analysis.  This  study  should 
investigate  the  following  tasks  : 

(A) .  Consider  aluminum  or  other  stabilizers  as  conductor 
stabilizer  so  that  magnet  weight  will  be  minimized. 

(B) .  Consider  supercritical  cooled  or  force-cooled  helium  as  an 
alternative  for  pool  boiling. 
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(C).  Design  a  superconductor  so  that  it  has  higher  cirtical 
current  density. 


(D) .  Clever  design  and  selection  of  advanced  composite  materials 
are  needed  to  lower  the  magnet  weight. 

(E) .  A  viable  MHD  propulsion  magnet  design  must  take  into 
consideration  of  the  minimization  of  stray  field. 

(F) .  Must  consider  other  innovations  of  MHD  configurations  to 
reduce  force  and  system  wieght  requirements. 


ISSUE  NO.  2  -  MAGNETIC  SIGNATURE 

We  agreed  that,  minimization  of  detectable  magnetic  signature  is 
one  of  important  requirement  for  MHD  propulsion  magnet  design. 

In  the  MHD  magnetic  working  group,  we  have  considerable 
discussion  as  to  the  issue  of  minimum  detectable  stray  field  or 
detectable  field  gradient.  We  must  obtain  such  information,  or 
establish  such  data  as  one  of  the  MHD  propulsion  magnet  design 
requirement. 

Finally,  even  if  a  MHD  magnet  has  acceptably  low  magnetic 
signature,  the  magnet  designer  should  find  out  that  a  significant 
electromagnetic  signature  when  magnet  quenches. 
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ISSUES  NO.  3  -  SURVIVABILITY 


The  survivability  question  on  superconducting  MHD  magnet  are  as 
follows  : 

(A) .  Can  the  superconducting  MHD  magnet  withstand  vibration, 
shock,  etc.  mechanical  disturbance. 

(B) .  We  must  minimize  magnet  quenches  if  MHD  magnet  could  not  be 
made  totally  stable. 

Because  of  the  necessity  of  minimization  of  weight,  it  may 
be  necessary  to  design  MHD  propulsion  magnet  employing  intrinsic 
magnet  stabilization  creteria.  Some  intrinsic  stable  magnet  can 
quenches  during  charging  or  discharging  processes.  Magnetic 
resonance  imaging  (MRI)  magnet  is  designed  with  such  creteria. 
However,  experience  of  MRI  magnet  shows  that  such  magnet  seldom 
quenches  if  it  is  made  persistent.  That  is,  power  leads  and  power 
supply  are  removed  after  energization.  Furthermore,  Since  there  is 
no  power  leads,  the  helium  boil  off  could  be  reduced  by  a  factor 
of  10  to  100.  This  enhance  the  survivability  of  the  vessel 
because  it  decrease  the  dependency  of  cryogens. 
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(C).  Fast  Recovery  From  Quench 


Even  quench  is  an  unlikely  event,  a  MHD  propulsion  magnet  must 
design  to  quickly  recover  from  quench.  Permissible  recovery  time 
must  be  established  as  one  of  the  important  design  creteria. 
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KEY  ISSUES  IN  SUPERCONDUCTING  MAGNET; 
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REPORT  ON  ELECTROLYSIS/ELECTRODE  WORK  GROUP 

Presented  by 
K.  E.  Tempelmeyer 
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Discussion  Summary: 
Electrolysis/Electrode  Work  Group 


by 

Dr.  K.  E.  Tempelmeyer 
U.S.  Naval  Academy 
Southern  Illinois  University 

One  process  which  is  of  particular  importance  to  the  MHD  thruster 
performance  is  the  current  flow  through  the  seawater.  The  current  in  a  MHD 
thruster  produces  electrolysis  of  the  seawater  and  the  formation  of  H2  bubbles 
(a  phenomena  absent  in  other  MHD  devices).  The  bubbles  in  turn  produce  noise 
and  interfere  with  the  passage  of  the  current  across  the  channel.  This  proc¬ 
ess  is  fundamental  to  any  seawater  MHD  device.  Because  seawater  electrolysis 
had  not  been  investigated  extensively  at  MHD  thruster  conditions,  and  because 
it  is  a  central  issue  in  the  development  of  MHD  thrusters  the  Group's  general 
conclusion  was  that  various  aspects  of  the  electrolysis  should  be  investigated 
in  much  more  detail.  The  discussed  focused  on  three  principle  areas: 

1.  Electrode  Performance 

2.  Electrode  Surface  Chemistry 

3.  Bubble  Generation  and  Bubble  Effects 

Some  of  the  experimental  data  on  seawater  electrolysis  presented  at  the 
workshop  was  discussed  further.  It  was  concluded  that  this  work  was  a  good 
beginning.  However,  while  these  data  begin  to  provide  the  engineering  base  to 
support  the  larger  DARPA  funded  programs  on  MHD  propulsion,  many  questions 
still  remain  which  can  be  answered  by  small-scale  tests.  While  there  are 
significant  advantages  to  jumping  to  prototype  scale  testing  such  as  the 
program  at  ANL,  these  tests  are  expensive  and  inflexible.  As  a  result,  the 
strong  sentiment  of  the  Group  was  that  additional  small-scale  and  inexpensive 
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tests  will  provide  a  considerable  risk  reduction  for  the  DARPA  program  and  the 
means  to  examine  many  problems  and  screen  materials  and  configurations  to  an 
extent  which  is  not  economically  possible  in  the  larger  facilities.  The  Group 
recommended  that  small-scale  supporting  tests  are  needed  to  support  the  DARPA 
program  and  at  modest  costs,  they  will  enhance  the  chances  of  success  of  the 
DARPA  program. 

OVERVIEW 

1.  Reliability  of  Testing  in  Simulated  Seawater 

The  use  of  Instant  Ocean  is  planned  for  the  ANL  and  NUSC  tests.  While 
Instant  Ocean  reproduces  over  25  constituents  of  ocean  water  including  some  of 
the  organic  material,  it  does  not  reproduce  the  living  biota  of  the  ocean. 
Ocean  waters  may  form  biological  films  over  gas  bubbles  entrained  in  the 
water.  This  film  can  delay  the  gas  bubbles  from  dissipating  and  can  alter 
their  dynamics.  It  is  not  known  to  what  extent  this  will  be  important  in 
seawater  MHD  thrusters  and  if  biological  films  will  effect  the  electrolysis 
process  and  increase  the  acoustic  and  chemical  signatures  in  the  wake.  Howev¬ 
er,  hydrogen  bubbles  effect  the  current  flow  in  the  MHD  channel,  the  acoustic 
signature  and  the  chemical  signature  in  the  wake.  The  systematic  test  program 
such  as  the  one  conducted  at  the  Naval  Academy  could  and  should  be  expanded  to 
make  comparisons  of  the  electrolysis  process  in  real  ocean  waters  with  the 
results  already  obtained  using  Instant  Ocean. 

2.  Measurement  of  Void  Fraction  and  Bubble  Size 

The  void  fraction, £  ,  (i.e.  the  volume  rate  of  gas  in  the  flow  to  the 
volume  flow  rate  of  the  seawater)  will  be  small  in  a  submarine  thruster,  but 
it  will  influence: 

(a)  The  size  of  the  bubbles 

(b)  The  speed  of  sound  in  the  water  and  hence  the  acoustic  signature 
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(c)  The  electrical  conductivity  of  the  water  (at  high  currents) 

(d)  The  skin  friction  coefficient  at  the  electrode  surfaces 

(e)  The  current  carrying  capability  of  the  electrodes 

The  void  fraction  may  develop  as  a  master  parameter  in  seawater  MHD 
thrusters.  An  understanding  of  the  effect  of  the  void  fraction  on  the  per¬ 
formance  of  seawater  thrusters  is  a  problem  requiring  investigation.  In 
particular,  measurement  of  the  overall  void  fraction  and  the  means  to  measure 
the  void  fraction  along  the  length  of  the  channel  would  both  provide  useful 
information.  Several  techniques  which  are  available  to  measure^  were 
discussed  (use  of  a'-rays,  acoustic  methods  and  optical  techniques).  Some 
commercially  available  instruments  are  available.  In  addition,  the  void 
fraction  may  be  determined  as  a  part  of  the  bubble  noise  measurements.  An 
"active"  acoustic  method  can  be  used  to  obtain  information  concerning  the 
bubble  size  distribution.  This  technique  involves  introducing  sound  at  fre¬ 
quencies  greatly  different  from  those  that  naturally  occur  in  the  flow  and 
measuring  the  attenuation  of  these  signals  at  different  operational  condi¬ 
tions.  Cross-correlations  of  different  microphone  outputs  can  be  carried  out 
to  aid  in  the  analysis  of  the  noise  signature  of  the  electrolysis  process.  At 
the  same  time,  this  technique  can  provide  an  independent  measure  of  the  over¬ 
all  void  fraction  in  the  flow. 

3.  Chemical  Signatures  -  The  electrolysis  process  in  an  MHD  seawater  thruster 
produces  chemical  products  at  the  electrodes  which  depend  upon  the  electrode 
materials.  Previous  tests  (some  of  which  were  reported  during  the  Workshop) 
have  demonstrated  that  corrosion  resistant  anodes  produce  hypochloride  and  at 
the  cathode  various  hydroxides  are  formed  (principally  Mg(0H)2  and  Ca(0H)2. 

In  addition,  hydrogen  is  produced  at  the  cathode  and  can  be  produced  at  the 
anode.  The  test  media  used  in  MHD  thruster  experiments  should  be  analyzed  for 
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these  and  other  compounds  in  a  manner  to  indicate  the  formation  rate  of  new 
chemical  species  which  may  produce  a  signature  trail  in  real  ocean  waters. 

4.  Noise  Measurements 

Noise  is  critical  for  submarine  application  of  MHD  thrusters. 

Preliminary  noise  measurements  reported  during  the  Workshop  employed  a 
hydrophone  which  protruded  into  the  flow  and  moved  from  point  to  point.  It  is 
highly  desirable  to  refine  these  measurements  using  an  array  of  microphones 
which  are  flush  mounted  in  the  walls.  Small-scale  testing  of  noise  measure¬ 
ment  techniques  would  aid  in  developing  and  refining  noise  measurement  in  the 
ANL  program  and  elsewhere.  Some  of  the  narrow-band  peaks  may  be  associated 
with  the  resonant  frequency  of  bubbles,  other  peaks  may  be  due  to  a  variety  of 
other  factors  associated  with  the  channel  size  and  velocity.  A  continuation 
of  acoustic  measurements  with  actual  ocean  water  and  in  simulated  seawater 
will  contribute  to  our  understanding  of  bubble  noise  and  expedite  the 
understanding  of  noise  data  which  will  be  obtained  in  the  other  DARPA 
sponsored  programs. 

SPECIFIC  ISSUES  AND  PROBLEMS 

Issues  and  problems  specific  to  the  areas  of  (a)  electrode  performance, 
(b)  electrode  surface  chemistry  and  (c)  bubble  generation  and  bubble  effects 
are  summarized  in  the  attached  lists.  These  topics  cover  the  range  of  the 
discussion  of  the  Electrolysis/Electrode  Work  Group.  In  almost  every 
instance,  there  is  insufficient  experimental  information  to  assess  the 
feasibility  of  an  MHD  seawater  thruster  or  for  that  matter,  to  confidently 
design  test  channels  and  facilities  for  large-scale  experiments.  As  a  result, 
this  working  group  made  several  specific  suggestions. 
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SUGGESTIONS 


*  Continue  small-scale  experiments.  They  are  necessary  to  the  success 
of  the  currently  planned  large  scale  tests. 

*  Expand  the  understanding  of  chemical  scaling  on  the  electrodes  and 
the  understanding  of  its  consequences.  This  is  not  only  important  to 
the  performance  of  the  channel  and  its  wake  signature,  it  is 
important  to  the  operation  of  closed-loop  test  facilities. 

*  Since  hydrogen  bubble  generation  is  unavoidable,  learn  how  to  make 
small  H2  bubbles.  Electrode  configurations  at  the  onset  of  MHD 
seawater  thruster  development  should  be  kept  simple. 

*  Generate  an  engineering  data  base  of  electrolysis  effects  at  MHD 
operating  conditions.  This  is  not  only  important  to  successful 
thruster  design  but  it  is  crucial  to  the  operation  of  large-scale 
test  facilities. 

*  Measure  the  void  fraction  (i.e.  mass  of  gas  to  the  mass  of  the 
water).  It  may  be  a  master  parameter  influencing  the  thruster 
performance. 

*  Investigate  the  mechanisms  of  how  bubbles  break  away  from  the 
electrode  surface. 

*  Study  current  losses  due  to  bubbles  and  the  formation  of  gas  pockets. 
Successful  MHD  seawater  thrusters  will  have  to  provide  the  means  to 
get  the  gas  away  from  the  electrodes. 

*  Consider  the  establishment  of  a  small-scale  electrode  development 
program  focused  on  the  development  of  long  lifetime  electrodes  which 
can  operate  with  periodic  current  reversal. 

DARPA  has  established  a  propulsive  efficiency  goal  and  the  need  to  mini¬ 
mize  and  eliminate  acoustic  and  chemical  signatures.  The  objective  of  these 
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suggestions  (if  implemented)  will  provide  basic  information  focused  on  these 
two  DARPA  requirements. 

Finally,  the  need  for  and  benefit  of  small-scale  experiments  to 
complement  the  larger  scale  test  programs  at  ANL  and  NUSC  cannot  be 
overstated.  Small-scale  testing  in  a  flexible  facility  allows  an  enormous 
amount  of  useful  and  timely  data  to  be  obtained  in  a  short  time.  Such 
information  would  provide  a  significant  risk  reduction  for  the  larger  more 
expensive  DARPA- supported  programs.  Moreover,  this  research  will  answer  the 
important  questions  related  to: 

(1)  The  effects  of  biological  films  on  H£  bubbles  and  the  accuracy  of  simu¬ 
lating  seawater  in  MHD  facilities  by  salts  such  as  Instant  Ocean 

(2)  The  role  of  void  fraction  in  the  performance  of  and  MHD  thruster  and  its 
acoustic  signature 

(3)  The  understanding  of  acoustic  and  chemical  signatures  from  MHD  thrusters 

(4)  Provide  a  test  bed  for  long-duration  and  screening  tests  to  support  the 
larger  scale  programs. 
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TRANSPARENCIES  SUMMARIZING 


DISCUSSION  OF  THE  ELECTROLYSIS/ 


ELECTRODE  WORK  GROUP 


K.  E.  Tempelmeyer,  Work  Group  Chairman 
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PRINCIPAL  AREAS  OF  CONCERN  FOR 
ELECTRODES/ELECTROLYSIS 

A.  ELECTRODE  PERFORMANCE 

(a)  ELECTRICAL  CHARACTERISTICS 

(b)  DURABILITY 

(c)  OPERATING  MODES 

B.  ELECTRODE  SURFACE  CHEMISTRY 

(a)  CHEMICAL  SIGNATURE 

(b)  MATERIALS  WHICH  DEPOSIT 

C.  BUBBLE  GENERATION 

(a)  BUBBLE  DYNAMICS 

(b)  BUBBLE  NOISE 

(c)  H2  CAPTURE 

(d)  EFFECT  ON  DRAG 
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A.  ELECTRODE  PERFORMANCE 

1.  REPEAT  SMALL-SCALE  EXPERIMENTS 

*  COMPARE  RESULTS  FROM  SEAWATER 
TO  THOSE  FROM  INSTANT  OCEAN 

*  USE  DIFFERENT  REAL  OCEAN  WATERS 

*  DOCUMENT  SEAWATER  COMPOSITION 

2.  FURTHER  STUDY  OF  CURRENT 
DEGRADATION 

*  LOSS  DUE  TO  CHEMICAL  SCALING  > 
LOSS  DUE  TO  VOID  FRACTION 

*  EVALUATE  (VOID  FRACTION) 
VARIATION  WITH  X 

3.  OPEN  CIRCUIT  TESTING  WITH 
SEAWATER 

*  FATE  OF  BIOLOGICAL  MATTER 

*  IMPACT  OF  BIOLOGICAL  MATTER 
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4.  DURABILITY/LIFETIME  40,000  -->  50,000 
HRS 

*  AVAILABLE  ELECTRODES  - 
ELECTROLYSIS  INDUSTRY 

*  QUESTION  OF  EROSION  AT  HIGH 
VELOCITY 

5.  DEVELOP  A  SMALL-SCALE  ELECTRODE 
TEST  PROGRAM 

6.  LONG-RANGE  ELECTRODE  ISSUES: 

*  POSSIBLE  EROSION 

*  CATHODE  ->  RESIST  OXIDATION  & 
SCALE  DEPOSITS 

*  ANODES  -->  NO  BUBBLE  PRODUCTION 

*  MINIMIZE  BUBBLE  SIZE 

*  SURFACE  EROSION 

7.  POROUS  ELECTRODES 
*GAS  DIFFUSION  ELECTRODES 
*  EXOTIC  POSSIBILITIES 
*"KEEP  IT  SIMPLE" 
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B.  ELECTRODE  SURFACE  CHEMISTRY 

1 .  CHEMISTRY  OF  MATERIALS  WHICH 
WILL  DEPOSIT  ON  ELECTRODES: 

*  REAL  OCEAN 

*  VARIATION  WITH  VARIOUS  SALT 
WATERS 

2.  STUDY  OF  THE  FATE  OF  Cl2 

3.  CHEMICAL  SIGNATURES 

*  H2 

*  HYPOCHLORIDE 

*  Mg(OH)2/Ca(OH)2,  ETC. 
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C.  BUBBLE  GENERATION 

1.  STUDY  FACTORS  WHICH  IMPACT 
BUBBLE  SIZE 

*  TURBULENT  SHEAR  STRESS  (V) 

*  CURRENT  DENSITY  &  GAS 
GENERATION  RATE 

*  WALL  SURFACE  TENSION 

*  PRESSURE 

*  ]  x  B  IN  BOUNDARY  LAYER 

*  OCEAN  COMPOSITION  (FILM 
JOATING) 

2.  NEED  FOR  DATA  BASE  - 
EXPERIMENTAL 

*  SIZE  DISTRIBUTION 

3.  ANALYTICAL  STUDY  OF  BUBBLE 
"BREAKAWAY"  (DIFFICULT!!) 

4.  NEED  TO  MEASURE  VOID  FRACTION, 

-RAY 

*  METHODS  AVAILABLE 

OPTICAL 

*  IMPACTS  UNDERSTANDING  OF 
SEVERAL  FACTORS 
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5.  FURTHER  STUDY  OF  THE  FATE  OF  H2 

6.  DON’T  "CAPTURE"  THE  EVOLVED  H2 
->  HANDLE  IN  THE  THRUSTER 
CHANNEL 

7.  LEARN  HOW  TO  GENERATE  SMALL 
BUBBLES: 

*  NOISE 

*  SOLUBILITY 

*  UNDERSTAND  BUBBLE 
AGGLOMERATION  WITH  X 

8.  BUBBLE  "FILM"  AT  DEPTH: 

WILL  IT  EXIST? 

9.  COMPARE  RESULTS  BETWEEN 

*  REAL  OCEAN 

*  INSTANT  OCEAN 
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SUGGESTIONS 


*  CONTINUE  SMALL-SCALE  EXPERIMENTS: 
THEY  ARE  NECESSARY  TO  THE  SUCCESS 
OF  THE  PUNNED  URGER  SCALE  TESTS 

*  EXPAND  UNDERSTANDING  OF  CHEMICAL 
SCALING  ON  THE  ELECTRODES 

*  LEARN  HOW  TO  MAKE  SMALL  H2 
BUBBLES 

*  CONSIDER  ELECTRODE  EROSION 
EXPERIMENT 

*  GENERATE  DATA  BASE  OF 
ELECTROLYSIS  BUBBLES  AT  MHD 
CONDITIONS 

*  MEASURE  VOID  FRACTION  AT  VARIOUS 
OPERATING  CONDITIONS 

*  INVESTIGATE  BUBBLE  BREAKAWAY 

*  MORE  STUDY  OF  CURRENT  LOSSES 
DUE  TO  BUBBLES  AND  GAS  POCKET 
FORMATION 

*  CONSIDER  SMALL-SCALE  ELECTRODE 
PROGRAM 
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Conductivity  Enhancement 


Introduction: 

The  objective  of  this  working  group  was  to  determine  the  critical  issues 
associated  with  conductivity  enhancement  and  to  determine  what  approaches 
were  appropriate  to  address  each  of  these  issues.  Conductivity  enhancement 
is  envisioned  by  some  as  a  means  of  increasing  the  efficiency  of  the  MHD 
propulsion  process.  There  are  a  number  of  basic  science  issues, 
technology  issues,  and  mission  or  system  related  issues  associated  with 
conductivity  enhancement.  This  report  will  present  the  basic  science 
issues,  technology  related  issues,  mission  specific  issues,  approaches  to 
address  these  issues,  and  potential  payoffs  for  conductivity  enhancement. 
An  introduction  to  the  subject  of  conductivity  enhancement  was  presented 
at  the  workshop.  The  presentation  materials  are  attached  to  this  report 
as  appendix  A. 


Basic  Science: 

There  are  several  basic  science  related  issues  associated  with  the  topic 
of  conductivity  enhancement.  These  issues  are  issues  which  must  be 
addressed  before  serious  consideration  can  be  given  to  technology  issues. 
These  basic  science  issues  will  open  the  door  to  a  better  understanding  of 
conductivity  enhancement  and  possibly  indicate  directions  for  new 
enhancement  mechanisms  which  will  have  a  tremendous  impact  on  the 
technology  associated  with  conductivity  enhancement. 

One  of  the  first  basic  science  issues  which  needs  to  be  addressed  is  the 
issue  of  understanding  the  conduction  physics  in  seawater.  Seawater  is  a 
very  complicated  combination  of  salts,  minerals,  basic  elements,  and 
organic  matter.  This  "junk*  may  have  a  significant  impact  on  the  higher 
order  contributions  to  conductivity.  Understanding  the  conduction  physics 
in  the  presence  of  this  "junk*  and  in  the  presence  of  high  magnetic  fields 
is  very  important.  Magnetic  fields  operate  on  the  charge  carriers  (ions) 
and  cause  these  carriers  to  take  paths  which  are  not  straight  but  curved 
as  defined  by  basic  charge  kinetic  theory.  The  combination  of  junk  and 
high  magnetic  and  electric  fields  may  introduce  the  possibility  of  using 
some  nonlinear  effects  to  modify  the  conductivity. 

An  approach  to  understanding  the  basic  conduction  physics  would  begin  with 
a  search  of  the  relevant  seawater  electrolysis  literature.  There  is  no 
need  to  reinvent  the  wheel.  Since  electrolysis  is  not  usually  performed 
in  the  presence  of  a  strong  magnetic  field,  this  literature  search  can 
only  be  of  limited  help.  Addressing  this  basic  issue  requires  a 
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multidisciplined  approach  with  the  appropriate  small  scale  experiments 
(with  high  magnetic  fields  and  *real*  seawater)  and  theoretical  analysis. 

Conductivity  in  seawater  is  defined  by  charge  concentration  and  carrier 
mobility.  A  basic  science  issue  is  the  need  to  understand  ionic  mobility 
(ability  of  the  charge  carriers  to  move  in  the  presence  of  an  electric 
field).  The  limits  of  ionic  mobility  need  to  be  well  understood.  What 
specifically  limits  the  mobility  to  some  value?  Is  there  a  way  to  alter 
the  medium  to  effect  this  limit  one  way  or  another?  These  are  questions 
which  must  be  answered.  These  questions  may  readily  be  answered  through 
the  proper  theoretical  studies  and  small  scale  experiments. 

A  third  area  of  basic  science  issues  concerns  the  basic  fluid  dynamics 
involved  in  the  conduction  channel  in  the  presence  of  high  magnetic 
fields,  high  electric  fields,  and  conductivity  enhancement  mechanisms. 

The  basic  issues  include  mixing  effects,  medium  disturbances  and 
propagation  of  those  disturbances,  and  fluid  interactions  (field  induced 
or  noszle  induced  counterflows,  etc.).  Analytic  as  well  as  computational 
studies  may  be  performed  to  develop  scaling  relations  and  maps  for 
determining  regimes  of  interest  or  regimes  of  problems.  Laboratory 
measurements  will  be  important  for  verifying  the  scaling.  Laboratory 
measurements  should  include  such  things  as  flow  field  mapping  and 
conductivity  maps. 

Finally,  a  general  understanding  of  the  basic  energy  requirements  for 
conductivity  enhancement  must  be  addressed.  Energy  related  issues 
include:  energy  requirements  for  ionization  in  the  presence  of  complex  E 
and  H  fields,  energy  requirements  for  solubility  modification,  and  energy 
requirements  for  mobility  enhancement.  These  basic  energy  requirement 
questions  can  be  addressed  by  small  scale  experiments  and  theoretical 
studies  with  particular  consideration  given  to  the  presence  of  strong 
fields. 


Technology  Issues: 

The  Conductivity  Enhancement  working  group  determined  that  there  were  a 
number  of  issues  associated  with  the  technology  aspects  of  conductivity 
enhancement.  The  committee  identified  these  issues  and  suggested  a  number 
of  approaches  to  address  these  issues. 

There  are  a  host  of  specific  issues  associated  with  the  general  issue  of 
enhancement  material  delivery  or  enhancement  method.  In  other  words,  what 
form  of  materials  or  what  method  of  delivery  do  we  use  to  achieve  the 
optimum  conductivity  enhancement?  What  is  better,  a  particle  delivery 
system  or  a  system  to  deliver  a  solution?  The  approach  to  addressing  this 
issue  should  include  definition  and  optimization  of  each  system  to  the 
extent  that  a  comparison  can  be  made,  in  other  words,  a  system  trade  study 
should  be  developed. 

Injection  of  chemical  additives  is  an  important  issue.  Several  questions 
arise  with  respect  to  the  injector  performance  (power  required  to  inject 


the  chemicals) ,  additional  drag  due  to  nozzle  profile,  and  acoustic  noise 
introduced  by  the  injector  and  pressure  gradients  introduced  by  the 
chemical  additives  in  the  flow  stream.  Small  scale  experiments  can  be 
used  to  adequately  address  these  particular  issues. 

The  general  area  of  material  handling  raises  a  number  of  important 
questions.  Material  handling  apparatus  can  generate  large  levels  of 
acoustic  noise  (mechanical  pumps,  valve  noise,  etc.).  The  materials  which 
are  to  be  handled  have  significant  corrosive  properties  which  will  limit 
the  kinds  of  materials  which  can  be  transported  or  limit  the  material 
choices  for  construction  of  the  material  handling  system,  conduction 
channel,  etc.  Due  to  the  large  number  of  moving  parts  in  the  material 
handling  system,  reliability  should  be  a  key  concern.  Most  of  these 
issues  can  be  resolved  through  accurate  systems  studies  which  may  rely  on 
the  extensive  industrial  experience  in  related  material  handling 
industries. 

Associated  with  material  handling  of  corrosive  materials  are  the  issues 
related  to  safety.  These  safety  issues  mainly  involve  containment  of  the 
chemicals  and  chemical  vapors.  The  impact  of  these  issues  can  be  greatly 
reduced  if  safety  is  addressed  early  in  the  systems  definition  process. 
This  attention  to  safety  should  involve,  obviously,  the  people  responsible 
and  familiar  with  safety  aboard  submarines. 

Finally,  there  ere  a  number  of  issues  associated  with  various  signatures 
which  may  be  generated  by  a  conductivity  enhancement  system.  Possible 
signatures  include:  acoustic  (mechanical  equipment),  chemical  (additives), 
radiation  (possible  ionization  sources),  and  optical  (chemical  reactions, 
photoplankton).  Approaches  to  these  issues  should  include:  defining  the 
upper  limits  of  acceptance  of  these  signatures  and  the  attenuation  rates 
for  propagation  of  these  signatures. 


Mission  /  System  Issues: 

A  number  of  issues  were  brought  forth  which  concern  the  mission  or  systems 
related  aspects  of  conductivity  enhancement.  The  mission  related  issues 
are  those  issues  which  are  mission  specific  and  would  have  significant 
impact  on  the  configuration  of  the  conductivity  enhancement  system.  The 
systems  related  ipsues  are  those  issues  related  to  the  systems 
configuration  of  the  platform  (submarine,  torpedo,  etc.)  which  may  limit 
or  otherwise  impact  the  conductivity  enhancement  system. 

A  critical  issue  which  must  be  addressed  is  the  issue  of  mission 
definition.  This  issue  would  include  aspects  such  as:  range, 
acceleration,  speed,  depth  of  operation,  and  operational  environment 
(temperature,  salinity,  etc.).  This  issue  can  be  satisfied  by  the  release 
of  such  information  from  the  Navy  or  by  a  consensus  agreement  by  all 
parties  involved.  The  consensus  would  define  a  common  mission  scenario 
for  all  designers  to  use  as  a  baseline  case.  The  Navy  could  release  real 
numbers  for  most  mission  related  questions  in  a  classified  document  and/or 
release  the  reasonable  limits  in  an  unclassified  document. 


The  important  system  related  issues  involve  optimization  of  the 
conductivity  enhancement  system  with  respect  to  all  other  systems.  In 
other  words,  does  a  conductivity  enhancement  system  actually  reduce  the 
overall  system  size  or  weight  sufficiently  to  justify  its  use?  This 
particular  issue  can  be  addresed  by  a  complete  systems  trade  which  would 
require  input  from  the  other  systems  impacted  by  a  conductivity 
enhancement  system. 


Payoff : 

The  final  area  that  the  Conductivity  Enhancement  Group  addressed  was  the 
potential  payoff  for  a  conductivity  enhancement  system.  It  was  determined 
that  the  system  could  offer  increased  efficiency  leading  to  an  overall 
platform  size  and  weight  reduction.  Conductivity  enhancement  can  also 
offer  the  potential  to  obtain  an  increase  in  acceleration  over  a  platform 
which  does  not  use  conductivity  enhancement.  The  addition  of  an 
enhancement  system  would  allow  operation,  for  short  times,  in  fresh  water 
areas  such  as  lakes,  rivers,  polar  regions,  and  high  rainfall  ocean  areas. 
Furthermore,  conductivity  enhancement  can  offer  the  ability  to  fine  tune 
the  flow  in  the  conduction  channel  to  reduce  drag  and  noise  or  to  actually 
achieve  steering  of  the  output  of  the  conduction  channel. 


Summary : 

The  Conductivity  Enhancement  working  group  identified  key  issues  in  the 
areas  of  basic  science,  technology,  and  missions/systems.  The  group 
identified  possible  approactes  for  addressing  many  of  these  issues  and 
identified  possible  payoffs  for  application  of  this  technology. 
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